Mechanistic insights into organocatalysis by Dingwall, Paul
Mechanistic Insights into 
Organocatalysis 
 
Paul Alexander Dingwall 
 
September 2013 
 
 
 
 
 
 
Supervised by: 
Professor Alan Armstrong 
 
In partial fulfilment of the requirements for the degree of  
DOCTOR OF PHILOSOPHY 
 
 
 
Department of Chemistry 
Imperial College London 
South Kensington 
London, SW7 2AZ 
United Kingdom 
  
ii 
 
Declaration 
 
I herewith certify that all the material in this thesis is my own work. Where referral is made to 
work that is not my own, this has been properly referenced and is clearly acknowledged. 
 
 
 
Paul Dingwall 
 
 
 
 
 
 
 
The copyright of this thesis rests with the author and is made available under a Creative 
Commons Attribution-Non Commercial-No Derivatives licence. Researchers are free to copy, 
distribute or transmit the thesis on the condition that they attribute it, that they do not use it 
for commercial purposes and that they do not alter, transform or build upon it. For any reuse 
or distribution, researchers must make clear to others the licence terms of this work. 
  
iii 
 
Abstract 
With a resurgence of interest at the turn of the millennium, organocatalysis has become an 
established field in chemical research. Proline, in particular, has played a central role in the 
profusion of research. As the archetypal organocatalyst, proline mediated transformations have 
acted as a point of reference against which the performance of new developments in the field 
are benchmarked and compared. The field as a whole has benefited from a timely merging of 
complementary experimental, kinetic, and computational studies, through which a 
comprehensive picture of reaction mechanisms has been drawn. The research documented in 
this thesis attempts to build on this successful multi-faceted approach to elucidate further 
mechanistic insights into organocatalysis. 
The proline mediated conjugate addition of aldehydes to nitroalkenes has been investigated via 
a ‘kinetics first’ approach, through the use of Reaction Progress Kinetic Analysis (RPKA) 
methodology. It was discovered that proline is irreversibly removed from the catalytic cycle via 
initiation of a polymerisation reaction of the nitrostyrene substrate. Additionally, it was found 
that this off-cycle pathway was not limited to proline alone, but also occurs with a number of 
secondary amine compounds, including other organocatalysts. 
The synthesis of two constrained bicyclic proline analogues was carried out in order to 
experimentally verify their computationally predicted behaviour in a benchmark aldol reaction. 
Excellent agreement between the experimentally determined and computationally predicted 
product enantioselectivity was found. Kinetic investigation of these bicyclic proline analogues 
revealed deactivation of the catalyst to be interfering with the catalytic cycle and so critically 
impairing their activity as compared to proline. The catalytic capability of these catalysts was 
explored, revealing universally poor behaviour in all but the reaction for which they were 
designed. An intriguing case of a lack of selectivity in the HPESW reaction was explored 
computationally and the decrease in stability of the anti transition state relative to the syn was 
determined as the cause. A brief exploration of the application of modern DFT functionals, 
M062X and ωB97XD, in a synthetically relevant setting was conducted and their extremely poor 
performance noted, compared to the excellent and highly accurate performance of the B3LYP 
functional. 
With the recent description of a new stereochemical and mechanistic regime for 
organocatalysts lacking a directing group, termed Curtin-Hammett kinetics, a kinetic 
investigation of the diphenylprolinol silyl ether mediated α-selenation reaction was undertaken 
to generalise this regime across a further carbonyl α-functionalisation reaction. A kinetic profile 
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for the reaction was observed through the use of the RPKA methodology. The shape, an initial 
spike followed by zero order kinetics, closely resembles that of the conjugate addition and α-
chlorination reactions.  
Further exploration revealed product selectivity to be a function of both the reaction solvent, 
correlated to dielectric constants, and the electronic properties of the aryl rings of the catalyst. 
An in-depth computational investigation of the conformational preferences of two important 
species on the catalytic cycle, the starting material and product selenoenamines, was 
undertaken in order to probe the underlying cause of the solvent-dependent reversal on 
selectivity. In agreement with experimental findings in the literature, the starting material 
enamine was found to have a high energetic preference for the anti E enamine in a number of 
solvents, dependent on the both the conformation of the pyrrolidine ring and the exocyclic 
CPH2OTMS group for each enamine C-N rotamer. This implies a solvent-dependent change in 
starting material enamine conformational preference is unlikely to explain the effect of solvent 
on product selectivity. Study of the product selenoenamine in various solvents found the 
relative thermodynamic stabilities of the E and Z enamines to change with solvent, with the Z 
enamine more stable in the gas-phase and non-polar solvents but little-to-no difference in 
stability between the E and Z enamines in polar solvents. This suggests that the experimental 
observation of the E enamine only in toluene is not thermodynamically preferred but is rather 
the result of an inherent kinetic preference. The above evidence supports the proposed 
hypothesis that solvent dependent product selectivity is the result of the erosion of kinetic 
preferences due to equilibration of relative intermediates in the catalytic cycle, as opposed to a 
change of enamine conformation in the stereogenic carbon-carbon bond forming step. 
  
v 
 
Contents 
Abstract ............................................................................................................................................ iii 
Acknowledgements ....................................................................................................................... viii 
Abbreviations ................................................................................................................................... ix 
1 Asymmetric Organocatalysis ................................................................................................... 1 
 Introduction ..................................................................................................................... 1 1.1
 Proline Catalysis ............................................................................................................... 3 1.2
 The Limitations of Proline as a Catalyst ................................................................... 5 1.2.1
 The Derivatisation of Proline ........................................................................................... 6 1.3
 Diarylprolinols as Organocatalysts ........................................................................... 9 1.3.1
 Mechanistic Investigations in Organocatalysis: Emergence of the Houk-List Model for 1.4
Stereoinduction ......................................................................................................................... 12 
 HPESW Reaction .................................................................................................... 12 1.4.1
 Intermolecular Aldol Reaction ............................................................................... 15 1.4.2
 An Alternative to the Houk-List Model: the Seebach-Eschenmoser Model .......... 18 1.4.3
 The Importance of Computational Chemistry in Organocatalysis ................................. 20 1.5
 Rationalising the Origins of Stereoselectivity ........................................................ 20 1.5.1
 Prediction Rather Than Rationalisation: Catalyst Design ...................................... 25 1.5.2
 The Importance of Kinetic Studies in Organocatalysis .................................................. 26 1.6
 A Kinetics First Approach: Reaction Progress Kinetic Analysis .............................. 27 1.6.1
 The Aldol Reaction ................................................................................................. 32 1.6.2
 The α-Amination and α-Aminoxylation Reactions ................................................. 34 1.6.3
 Concluding Remarks ...................................................................................................... 43 1.7
2 Proline-mediated Conjugate Addition Reaction .................................................................... 45 
 Introduction ................................................................................................................... 45 2.1
 Experimental Setup ........................................................................................................ 46 2.2
 Kinetic Investigations ..................................................................................................... 47 2.3
 Concluding Remarks ...................................................................................................... 53 2.4
vi 
 
3 Bicyclic Proline Analogues as Efficient Organocatalysts ........................................................ 55 
 Introduction ................................................................................................................... 55 3.1
 Catalyst Synthesis........................................................................................................... 58 3.2
 2,4-Ethanoproline .................................................................................................. 58 3.2.1
 3,5-Ethanoproline .................................................................................................. 64 3.2.2
 Catalyst Assessment – Validation of Computational Predictions .................................. 65 3.3
 Extension of Catalytic Scope .......................................................................................... 69 3.4
 2,4-Ethanoproline .................................................................................................. 69 3.4.1
 3,5-Ethanoproline .................................................................................................. 72 3.4.2
 Computational Investigation of the 3,5-Ethanoproline-mediated HPESW Reaction .... 75 3.5
 Proline-mediated HPESW ....................................................................................... 75 3.5.1
 3,5-Ethanoproline-mediated HPESW ..................................................................... 78 3.5.2
 Investigation of Functional and Basis Set .............................................................. 83 3.5.3
 Concluding Remarks ....................................................................................................... 87 3.6
4 The Diarylprolinol Silyl Ether Mediated α-Selenation Reaction ............................................ 88 
 Organocatalysts Lacking a Directing Group: Beyond the Houk-List Model for 4.1
Stereoinduction ......................................................................................................................... 88 
 Mechanistic Studies: the Expansion of Curtin-Hammett Kinetics ......................... 89 4.1.1
 Generality of the Curtin-Hammett Model in Organocatalysis ....................................... 98 4.2
 Investigation of the Organocatalysed α-Selenation Reaction ....................................... 99 4.3
 Optimisation of Reaction Conditions ..................................................................... 99 4.3.1
 A Definitive Kinetic Profile ................................................................................... 100 4.3.2
 Reaction Progress Kinetic Analysis – A Useful Tool?............................................ 105 4.3.3
 The Role of Acidic Additives ................................................................................. 106 4.3.4
 Investigation of Factors Affecting Product ee .............................................................. 107 4.4
 Reaction Solvent Screen....................................................................................... 108 4.4.1
 Variation of Catalyst Structure ............................................................................. 114 4.4.2
 The Potential of O-Unprotected Prolinols as Catalysts ........................................ 118 4.4.3
vii 
 
 Screen of Selenium Sources ................................................................................. 121 4.4.4
 Computational Investigation of the Diphenylprolinol Silyl Ether Mediated α-Selenation 4.5
Reaction ................................................................................................................................... 122 
 Starting Material Enamine ................................................................................... 125 4.5.1
 Product Selenoenamine ....................................................................................... 136 4.5.2
 Concluding Remarks .................................................................................................... 143 4.6
5 Experimental ........................................................................................................................ 146 
 General Comments ...................................................................................................... 146 5.1
 Proline-Mediated Conjugate Addition ......................................................................... 147 5.2
 Bicyclic Proline Analogues ........................................................................................... 149 5.3
 2,4-Ethanoproline ................................................................................................ 149 5.3.1
 3,5-Ethanoproline ................................................................................................ 161 5.3.2
 Organocatalysed α-Selenation Reaction ..................................................................... 171 5.4
 Computational Methods .............................................................................................. 180 5.5
 The Amsterdam Manifesto and Citable Open Data ............................................. 180 5.5.1
6 References ........................................................................................................................... 181 
Appendix A Proline-mediated Conjugate Addition Reaction ................................................... A-1 
HPLC Calibration and IR Validation ........................................................................................... A-1 
Sample FTIR Spectra of Reaction Profile ................................................................................... A-2 
Kinetic Studies Rate Data .......................................................................................................... A-4 
Appendix B Bicyclic Proline Analogues .................................................................................... B-5 
Proline and 3,5-Ethanoproline-mediated HPESW Reaction: Computational Results............... B-5 
Investigation of Functional and Basis Set ................................................................................. B-7 
Appendix C The Diphenylprolinol Silyl Ether-mediated α-Selenation Reaction .................... C-19 
Starting Material Enamine Computational Results ................................................................ C-19 
Product Selenoenamine.......................................................................................................... C-23 
 
  
viii 
 
Acknowledgements 
I would like to begin by thanking Professors Alan Armstrong and Donna Blackmond for allowing 
me to study for this PhD in 2009. I would also like to thank Alan for his patience and forbearance 
in dealing with a Chemical Engineer who had hoped to learn some Chemistry. I hope I speak for 
both of us when I say I think it has been worthwhile. 
Next, the members of the Armstrong group who have made every day work in the lab 
intellectually rewarding as well as fun. In particular, I would like to thank Dr Dan Emmerson, for 
his wisdom and hard work spent tutoring, Dr Matt Hughes, for his unfailing dedication to Linkin 
RPKA and Team Hydrog, and Harry Milner, for passing on his addiction to climbing to me, 
something I hope will be with me for the rest of my life. In addition to this merry band of misfits, 
I would also like to thank Dr Andrew Jarvis, for visiting every Sammy Smiths pub in London with 
me and showing me that four pints on an empty stomach is a sure fire route to disaster, and Dr 
Charles Brand, who introduced me to the finer side of French culture, but mostly the wine and 
the swearing.  
Thirdly, to my flatmates and lifelong friends, Dr Jon Downing and Roland Piper. Guys, I will never 
forget the times we had. Our flat meals, scientific chat, good times, and rock band concerts got 
me through thick and thin and showed me how true friends should behave. Even when, in a few 
years’ time, we’ll be scattered across a couple of continents, I know I will always have a two 
friends to call on should I ever have the need. 
Fourthly, my parents, for believing I could do this no matter what, even when they had no idea 
what I was talking about, and for still attempting to learn what it was I spent my days doing. 
Your constant belief really helped me through, I am proud to be your son. 
Last, but certainly not least, my girlfriend Arūnė. If we had not met two years ago I would not be 
the person I am today. You have loved and cared for me more than anyone I have ever known 
and more than I could ever have hoped. I would not hesitate for an instant to return the favour. 
You mean more to me than life itself. Aš myliu tave visa širdimi. 
  
ix 
 
Abbreviations 
A- Conjugate base of a generic acid 
AH Generic acid 
Ar Aryl 
ATR Attenuated total reflectance 
B: Generic base 
Boc tert-Butoxy carbonyl 
Cbz Benzyloxy carbonyl 
CI Chemical ionisation 
CPCM Conductor-like polarizable continuum model 
DBU 1,8-Diazabicycloundec-7-ene 
DFT Density functional theory 
DMF Dimethylformamide 
DMSO Dimethyl sulfoxide 
ee Enantiomeric excess 
ESI Electrospray ionisation 
Et Ethyl 
EXSY Exchange spectroscopy 
GC Gas chromatography 
GPC Gel permeation chromatography 
h Hours 
HC Half chair 
HMPA Hexamethylphosphoramide 
HPESW Hajos-Parrish-Eder-Sauer-Weichert 
HPLC High performance liquid chromatography 
IR Infrared 
J NMR coupling constant 
KHMDS Potassium bis(trimethylsilyl)amide 
LHMDS Lithium bis(trimethylsilyl)amide 
LTMP Lithium tetramethylpiperidine 
m.p. Melting point 
Me Methyl 
mol % Percentage by mol 
MS Mass spectroscopy 
x 
 
MTBE Methyl tert-butyl ether 
NCI Non-covalent interactions 
NCS N-Chlorosuccinimide 
NMR Nuclear magnetic resonance 
NOESY Nuclear Overhauser effect spectroscopy 
NPSP N-(Phenylseleno)phthalimide 
Ph Phenyl 
PMP p-methoxyphenyl 
ppm Parts per million 
q Heat 
R Generic alkyl substituent 
RC Reaction calorimetry 
RDS  Rate determining step  
RPKA Reaction progress kinetic analysis 
rt Room temperature 
SCX Strong Cation Exchange 
SE Same Excess 
TBAF Tetrabutylammonium fluoride 
TCCA Trichloroisocyanuric acid 
TEA Triethylamine 
TEMPO 2,2,6,6-tetramethylpiperidine-N-oxyl 
THF Tetrahydrofuran 
TLC Thin layer chromatography 
TMP 2,2,6,6-tetramethylpiperidine 
TMS Trimethylsilyl 
tr Retention time 
TS  Transition state 
UV Ultraviolet 
V Volume 
X Generic counterion 
X=Y Generic electrophile 
1 
 
1 Asymmetric Organocatalysis 
 Introduction 1.1
Broadly defined, asymmetric organocatalysis involves the use of small, chiral molecules lacking a 
metallic component to catalyse a reaction. The field has received a great deal of attention in 
recent years and, after the publication of two formative papers at the turn of the millennium,1,2 
research and publications on the topic have bloomed. Indeed, such has been the interest in 
organocatalytic research over the past decade; some have labelled it a ‘golden age’.3,4 The 
attention is well founded, in both the novelty of the concepts involved and the reaction 
efficiencies and selectivities observed, and, by some, organocatalysis is being afforded the 
status of the third branch of asymmetric catalysis,5 alongside transition metal and biocatalysis. 
The use of small, chiral molecules to asymmetrically catalyse a reaction is not new to chemistry; 
for years, homogeneous organometallic reagents have proven themselves as the method of 
choice for catalytic asymmetric synthesis. Such compounds are often extremely efficient 
catalysts, enabling powerful and diverse synthetic strategies with a wide range of synthetic 
scope as well as ease of reactivity and selectivity tuning achieved through ligand variation. 
However, the potential and realised shortcomings of these catalysts are typically a result of their 
metal component. This can result in the catalysts being expensive, highly toxic, and sensitive to 
air and moisture, while also posing issues of pollution, difficulty in waste treatment, and being 
subject to strict regulations on product contamination.6-8 Organocatalysts, lacking the presence 
of metals, offer an alternative class of catalysts that are relatively cheap, readily available, 
typically non-toxic and environmentally friendly, do not require rigorous exclusion of air or 
water from the reaction mixture, and are easily removed or recovered during work-up. 
The concept of organocatalysis is not new; the history of organic chemistry is filled with 
examples which fit the definition provided above. Among others, some particularly well-known 
examples include Knoevenagel condensation,9 the Shi epoxidation,10 phase transfer catalysis,11 
and oxidation using TEMPO,12 Scheme 1. 
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Scheme 1: Examples of organocatalytic reactions from before 2000
9-13
 
However, it was not until the simultaneous discovery and publication of two novel catalytic 
reactions in 2000, when List, Lerner and Barbas reported a proline-mediated asymmetric 
intermolecular aldol reaction, Scheme 2,1 and MacMillan and co-workers reported an 
imidazolidinone-mediated asymmetric Diels-Alder reaction, Scheme 3,2 that organocatalysis 
began to attract the attention of the wider scientific community as a field unto itself. 
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Scheme 2: The List-Lerner-Barbas proline-mediated intermolecular aldol reaction
1
 
 
 
Scheme 3: The MacMillan imidazolidinone-mediated Diels-Alder reaction
2
 
This was due, in part, to the coining of the term ‘organocatalysis’ by MacMillan, which united 
the field under a single heading.7 In addition, the reports both utilised secondary amine catalysts 
to activate carbonyl compounds, hinting at common underlying principles and modes of 
activation. 
 Proline Catalysis 1.2
Proline has played a pivotal role in the development of the field of organocatalysis and is 
regarded by many as the archetypal organocatalyst. Indeed, proline has been known as a 
catalyst of the intramolecular aldol reaction since the 1970s, in what was originally thought to 
be a solitary example of novel reactivity. Eder, Sauer and Wiechert,14 and Hajos and Parrish,15 
independently reported the cyclisation of triketone 3, Scheme 4. This proline-mediated 
intramolecular aldol reaction has since become known as the Hajos-Parish-Eder-Sauer-Wiechert 
(HPESW) reaction. 
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Scheme 4: The HPESW reaction
14,15
 
A further 26 years would pass until proline catalysis was developed beyond the intramolecular 
aldol reaction, by List, Lerner and Barbas.1 This development showed that proline was not 
limited to the HPESW reaction alone, opening the door to investigations charting the scope of 
proline as a catalyst.  
The catalytic scope of proline is relatively wide; examples in the literature include the aldol,1,16,17 
α-(amination,18-20 and aminoxylation)21 two- and three-component Mannich,22,23 and conjugate 
addition24 reactions, Figure 1. 
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Figure 1: Examples and outline of scope of some proline-mediated reactions
1,16-24
 
 The Limitations of Proline as a Catalyst 1.2.1
Although a powerful and diverse catalyst, proline is not without its limitations. Solvent 
compatibility is a major issue; low solubility typically means that very polar solvents, such as 
DMSO, DMF, or methanol are required to dissolve a meaningful amount of catalyst and ensure a 
homogeneous reaction mixture. In addition, proline is plagued with low activity in the majority 
of reactions which it catalyses. In order to effect the desired reactions on reasonable timescales, 
catalyst loadings of 20-30 mol % and higher are commonplace. An alternative method to furnish 
shorter reaction times is the use of a large excess of the carbonyl donor. For instance, List, 
Lerner, and Barbas employed 27 equivalents, or 20 vol %, of acetone in their original study on 
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the intermolecular aldol reaction and a number of studies by the same group thereafter.1,24,25 
This is clearly only practical for small, cheap and readily available carbonyl donor compounds, as 
opposed to potentially expensive synthetic intermediates.  
Proline also displays an inherent inability to induce high levels of selectivity in certain reaction 
classes: among these are the conjugate addition,24 α(-chlorination,26 and fluorination27) 
reactions, Scheme 5. This poor sense of enantioinduction is also mirrored for some challenging 
substrates in the reactions summarised in Figure 1, specific examples of which are to be 
explored in Section 2.1. 
 
 
 
Scheme 5: Examples of reactions for which proline induces only low levels of enantioselectivity
24,26,27
 
 The Derivatisation of Proline 1.3
A great deal of research has focused on the modification and derivatisation of the structure of 
proline in attempts to overcome the limitations discussed above; with aims to increase catalyst 
solubility, levels of reactivity or stereoselectivity, or introduce novel forms of reactivity. There 
have been two general approaches to the structural diversification of proline; either through 
modification of the 5-membered pyrrolidine ring or through substitution of the acid group. The 
intermolecular aldol reaction between a carbonyl donor and aromatic aldehyde, as one of the 
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simplest and earliest examples of proline-mediated asymmetric induction, is a benchmark 
reaction for studies in the literature and can be used to compare catalyst performance, 
particularly the addition of p-nitrobenzaldehyde to acetone. List, Lerner and Barbas initially 
experimented with proline analogues of different ring sizes in their original publication, 
including other amino acids,1 but quickly found proline, and the 5-membered pyrrolidine ring in 
particular, to offer the greatest efficiency in the aldol reaction, Scheme 6. 
 
 
 
Scheme 6: Proline analogues of different ring size tested in the intermolecular aldol reaction
1
 
The importance of a 5-membered ring as an efficient catalytic scaffold is also evidenced in the 
family of imidazolidinone catalysts, simultaneously and independently developed by MacMillan 
as the same time as the early studies on proline, Figure 2.2 Although these catalysts operate via 
a key iminium rather than enamine species, and invoke stereochemistry through steric bulk 
rather than via a directing group, Sections 1.4.2, the ubiquity of the 5-membered ring remains. 
 
 
Figure 2: Examples of the family of imidazolidinone catalysts developed by MacMillan and co-workers
2
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The pyrrolidine ring therefore remains as the basic scaffold of most newly synthesised proline 
analogues presented in the literature. There are, however, examples of its further 
functionalisation or derivatisation, for example via addition of a further carboxylic acid group, 
9,28 a solubilising OTIPS group, 10,29 or bridging groups, 11 Figure 3. Another approach has been 
to replace the carboxylic acid group with alternative hydrogen-bond donors. Examples of these 
include, but are not limited to, tetrazoles, 12,30-32 sulfonamides, 13,33,34 and diamines, 14,35 
Figure 3.  
 
 
 
Figure 3: Examples of alternative organocatalysts derived from proline
28-37
 
Table 1 compares the behaviour of these catalysts in the benchmark intermolecular aldol 
reaction. 
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Table 1: Comparative performance of various proline analogues in the benchmark aldol reaction between acetone 
and p-nitrobenzaldehyde 
 
 
Entry 
Catalyst 
Reaction  
Length (h) 
Loading 
(mol%) 
Yield 
(%) 
ee 
(%) 
Solvent 
1 Proline1 4-24 30 68 76 DMSO 
2 Diacid – 928 48 30 22 63 DMSO 
3 Siloxy – 1038 18 10 63 67 Water 
4 4,5 – 11 N/A N/A N/A N/A N/A 
5 Tet – 1231 2 20 93 76 DMSO 
6 Sulf – 1339 24-48 20 52 87 DMSO 
7 Diamine – 1435 2 5 60 88 Acetone 
 
Although reaction lengths and catalyst loadings vary, 10, 12, and 14, entries 3, 5, and 7, offer 
higher yields than proline, most likely due to their increased solubilities. Conversely, catalyst 9, 
entry 2, shows decreased activity due to its decreased solubility. 
 Diarylprolinols as Organocatalysts 1.3.1
Of particular interest as proline derived catalysts, due to the success of their application and 
their improved solubility, reactivity, and selectivity in comparison to proline, are diarylprolinols, 
Scheme 7. 
 
 
Scheme 7: O-unprotected and protected diarylprolinol catalysts 
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O-Unprotected diarylprolinols, such as 15, have been employed as catalysts in the α-
functionalisation of aldehydes,40-42 and Diels-Alder43 and Michael reactions,44 exhibiting the 
general behaviour of high selectivity but low reactivity. Jørgensen reasoned this low activity was 
due to O-unprotected diarylprolinol, 17, undergoing inhibition as a catalyst via formation of a 
parasitic oxazolidinone, 18, Scheme 8.45 
 
 
 
Scheme 8: Formation of stable, yet catalytically inactive, oxazolidnone species by O-unprotected prolinol catalyst 
Protection of the free hydroxyl unit with a silyl group, as in structures 16a and 16b, effectively 
prevents oxazolidinone formation and greatly increased the catalytic activity of the system. 
Jørgensen first reported the use of diarylprolinol silyl ethers in the α-sulfenylation of aldehydes 
in 2005, Scheme 9.42 Screening a number of easily accessible aryl groups, the authors found 
(3,5-bistrifluoromethyl)phenyl prolinol silyl ether, 16b, to be the most effective in terms of yield 
and enantioselectivity. Hayashi, almost simultaneously, reported the use of diphenylprolinol silyl 
ether in the conjugate addition of aldehydes to nitro-olefins, showing excellent yields, enantio- 
and diastereoselectivities, Scheme 9.46 With publication dates so close and systems so similar, 
diarylprolinol silyl ethers are often referred to as Jørgensen-Hayashi catalysts. 
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Scheme 9: Early catalytic examples of the utility of diarylprolinol silyl ethers
42,46
 
The generality of diarylprolinol silyl ethers as organocatalysts was immediately seized and 
expanded upon in the literature to include a wide range of heteroatom α-(Br45, F27,40,45,47, Se48,49, 
S42,50), β- conjugate addition,51 and γ-functionalisations along with Mannich,45 amination,45 
epoxidation,52-56 and Diels Alder57 reactions, Scheme 10. These catalysts have also been found 
particularly promising in the development of cascade reaction sequences.58,59 Variation of the 
aryl groups of these catalysts has been shown to affect both reaction yield and selectivity. 
However, while a variety of examples of differing substitution on the aryl group exist, by far the 
most commonly employed of these catalysts in the literature are the diphenyl and 3,5-
bistrifluoromethyl phenyl compounds 16a and 16b respectively. 
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Scheme 10: Outline of scope of diphenylprolinol-mediated reactions
27,40,42,45,47-57
 
 Mechanistic Investigations in Organocatalysis: Emergence of the 1.4
Houk-List Model for Stereoinduction 
Proline has played a central role in mechanistic studies on organocatalysis, and the majority of 
work in this area has focused on the well-documented aldol reaction. Indeed, a large proportion 
of mechanistic assumptions in the field of organocatalysis can be traced back to what has been 
discovered for proline-mediated reaction mechanisms. 
 HPESW Reaction 1.4.1
Even before the publication by List, Lerner, and Barbas spurred mechanistic investigations of the 
proline-mediated intermolecular aldol reaction, the mechanism of the intramolecular HPESW 
reaction attracted some debate. Four mechanisms were popularly assessed in the literature 
before settling on the mechanism which is largely accepted today, Scheme 11. 
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Scheme 11: Evolution of the suggested mechanisms for the HPESW reaction 
In their original publication, Hajos and Parrish considered two possible mechanisms.15 The first, 
19, involved proline condensing to the side chain carbonyl of 3 to form a protonated enamine, 
which is involved in hydrogen bonding to a carbonyl group on the five-membered ring, and an 
oxazolidinone ring. As a mechanistic probe, Hajos and Parrish performed the reaction in the 
presence of 18O-labelled water. If proline were to condense with the side chain carbonyl, then 
18O would be expected to incorporate into the product, during hydrolysis of the product 
iminium, at the appropriate position. However, on the observation of no incorporation of 18O 
into the reaction product, this mechanism was abandoned and a second put forward, 20, in 
which proline adds to one of the carbonyl groups of the cyclopentanedione ring, forming a 
carbinolamine intermediate, followed by nucleophilic substitution. However, this mechanistic 
proposal did not find favour in the literature, with Jung pointing out that it appeared to proceed 
via an almost SN2-like mechanism but with retention of configuration.
60  
An enamine based mechanism found favour again with a proposal by Agami and Kagan in the 
mid-1980s. On the observance of a non-linear relationship between catalyst and product ee, a 
mechanism was proposed which involved two molecules of proline, 21.61,62 One molecule was 
suggested to activate the side chain carbonyl through formation of an enamine, while the other 
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assisted in proton transfer for the forming alkoxide. In 2003, List and Houk carried out kinetic, 
stereochemical, and dilution experiments on both the intra- and intermolecular aldol reactions 
only to find no evidence of non-linear effects and suggested that the erroneous results of Agami 
and Kagan could have resulted from their use of unreliable optical rotation method to 
determine product ee rather than the use of more accurate chiral HPLC.63  
The dispute over non-linear effects in proline-mediated reactions was finally resolved by 
Armstrong, Blackmond, and co-workers in 2006.64 The answer to the problem lay in the physical 
phase behaviour of proline. Under non-homogeneous reaction conditions, the researchers did 
observe a non-linear effect in the proline-mediated intermolecular aldol reaction. It was 
discovered that in DMSO, the eutectic composition of proline corresponded to a roughly 50 % 
ee in solution. Effectively, the solution ee of proline remains at 50 % regardless of the overall ee 
of the solid phase proline employed at the start of the reaction, other than in cases of extremely 
high or low ee of the initial solid phase proline. Additional work on this subject led the authors 
to conclude that at non-equilibrium conditions, proline exhibited phase behaviour similar to a 
conglomerate, rather than racemic, compound.65 That is, proline forms separate crystals 
composed of distinct enantiomers (conglomerates) rather than the more common crystals 
containing both enantiomers (racemates). As a result of this phase behaviour, if proline is not 
fully dissolved at the beginning of a reaction, a low solution phase catalyst ee will occur, 
resulting in lower initial product ees and so an apparent non-linear effect. The findings of 
Armstrong, Blackmond, Houk, List, and co-workers largely discredited the two proline 
mechanism 21. 
It was not until computational work by Houk in 2001 that a single proline, enamine based 
mechanism, 22, was re-evaluated in the literature, despite having been initially proposed by 
Jung in 1976, as an alternative to 19 and 20.60 In mechanism 22, a single molecule of proline 
adds to the side chain carbonyl and forms an enamine. From a chair transition state, carbon-
carbon bond formation is accompanied by concerted proton transfer from the carboxylic acid 
group to the forming alkoxide, thus aiding in favourably organising the transition state and 
providing stabilisation in terms of charge neutralisation. Houk and co-workers provided 
computational evidence of this mechanism first on simplified primary and secondary amine 
systems,66 before moving to systems involving proline as a catalyst,67 finding excellent 
agreement between computational and experimental levels of stereoselectivity. This agreement 
between quantum mechanical predictions and experimental values offered a convincing level of 
confidence in the proposed mechanism. Further support was presented by Houk and co-workers 
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when a computational investigation of each of the pathways outlined in Scheme 11 found the 
single enamine proline pathway, 22, to result in the lowest energy transition state for the 
carbon-carbon bond forming step by a large margin.68 The final piece of evidence, experimental 
in nature, in favour of an enamine mechanism was presented in 2004, when List and co-workers 
repeated the HPESW O18-labelling experiment, only to find excellent incorporation into the final 
product at the expected carbonyl position (ca. 90%).69 These combined pieces of evidence have 
resulted in the single proline enamine mechanism of Houk and List, 22, being widely accepted as 
the mode of activation for the HPESW reaction. 
 Intermolecular Aldol Reaction 1.4.2
Houk, List, and co-workers extended their mechanistic insights to the intermolecular aldol 
reaction. It is because of this collaborative, complementary work, in which a complete 
experimental and theoretical picture of the reaction mechanism is drawn, that the single proline 
enamine mode of activation, and associated transition state, has been labelled the Houk-List 
model.63,70 
In this mechanism, Scheme 12, proline, 1, condenses with a carbonyl compound, 23, which 
forms an enamine, 24, after having passed through an intermediate which is largely assumed to 
be an iminium ion. Enamine 24 then adds to electrophile, in this case aldehyde 25, to form a 
stereogenic carbon-carbon bond and the product iminium 26, via the crucial Houk-List transition 
state. Iminium 27 undergoes hydrolysis to yield the final product, 28, and free catalyst, 1. 
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Scheme 12: Houk-List catalytic cycle of Proline-mediated aldol reaction 
The importance, and generality, of the Houk-List model lies in the details of stereocontrol that 
the model invokes. Here, during stereogenic carbon-carbon bond formation in transition state 
26, the enamine reacts via the lowest energy E-enamine which is trans to the acid moiety. The 
aldehyde is then directed to a single face of the enamine via formation of a hydrogen bond 
between the carboxylic acid moiety and the forming alkoxide of the aldehyde, this being the 
heart of the reasoning behind the high levels of selectivity afforded by proline as a catalyst. 
Importantly, this ‘directing-group’ model can be extended beyond the aldol reaction and can be 
successfully applied to rationalise the stereochemical outcome of a large number of proline-
mediated organocatalytic reactions. 
Until relatively recently, a continuing criticism of the Houk-List model was the absence of the in 
situ detection of the key enamine intermediate, 24. In situ NMR studies typically revealed that, 
rather than enamines, oxazolidinones, such as 30, were readily detectable and their presence 
widely reported in a range of proline-mediated reactions, Scheme 13.69,71-74 List termed these 
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oxazolidinones as a ‘parasitic’ species,69 reasoning that oxazolidinone formation with a carbonyl 
species does not lead to the wanted reaction product but rather inhibits its formation by 
sequestering the catalytically active enamine. 
 
 
 
Scheme 13: Oxazolidinone formation between proline and a carbonyl donor 
It was not until 2010 that Gschwind and co-workers published the first in situ detection and 
structural characterisation of enamine intermediates in the proline-mediated aldol reaction.75 
The isolation and characterisation of enamines of proline analogues, such as imidazolidinones or 
diarylprolinol silyl ethers, had been previously reported,76-79 However, evidence for proline 
enamines was restricted to only their possible detection by mass spectroscopy,80 although List 
and co-workers were to publish crystal data for a specific class of carbonyl compounds, as 
opposed to synthetically relevant ones such as acetone, in which the products were vinylogous 
amide analogues of enamines shortly after their in situ detection by Gschwind and co-workers.81 
To succeed where others had failed, Gschwind and co-workers used up to 100 mol% catalyst 
loadings and polar aprotic solvents with high hydrogen-bond acceptor properties, to observe 
the enamine species. Studying the relative ratio of the oxazolidinones and the now-observable 
enamine, Gschwind and co-workers found that their ratio remained constant across a range of 
catalyst and carbonyl compound loadings, suggesting that under more synthetically realistic 
reaction conditions, the proline enamine would be present in the reaction mixture but at 
concentrations too low to observe via NMR. 
As in all previous NMR studies, oxazolidinones were the major species detected and using NMR 
exchange spectroscopy (EXSY), Gschwind and co-workers showed that the enamine was in 
equilibrium with oxazolidinones 30a and 30b, which are themselves in rapid equilibrium, but not 
in equilibrium with propanal and proline, Scheme 14. This evidence suggested that the enamine 
forms via the oxazolidinone. A common central intermediate for interconversion of the relative 
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species could not be detected, although a potential common iminium could be too short-lived 
to be detected on an NMR timescale. However, calculation of the relative rates of formation of 
the species involved was suggestive that the enamine formed directly from the oxazolidinones, 
rather than passing through a common central intermediate. No mechanism for this 
transformation was proposed, however.  
 
 
 
Scheme 14: Equilibrium between enamine and oxazolidinone intermediates, formed form proline and propanal, in 
the proline-mediated aldol reaction
75
 
Gschwind and co-workers were quick to extend their NMR studies to proline derivatives, 
presenting the first in situ detection of enamines for diarylprolinols and their silyl ethers.82 
Enamines of these catalysts were readily detected, much more so than their proline based 
counterparts, and further 2D NMR studies revealed a wealth of information regarding their 
conformational preferences.83 This is to be explored in further detail amid relevant work in 
Section 4.5. 
 An Alternative to the Houk-List Model: the Seebach-Eschenmoser Model 1.4.3
The ready formation and observation of oxazolidinones in proline-mediated reactions has 
always fostered debate on their role in the catalytic cycle. In the Houk-List model, they are 
termed a parasitic species and are assumed to actively inhibit the rate of reaction.69 Proposed in 
2007, prior to the detection of enamines by Gschwind and co-workers, as an alternative to the 
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Houk-List model for stereoinduction in the intermolecular aldol reaction, the Seebach-
Eschenmoser model suggests that oxazolidinones, rather than enamines, are the active species 
in the catalytic cycle and play a crucial role in enantioinduction, Scheme 15. 
 
 
Scheme 15: Seebach-Eschenmoser model for stereocontrol in proline-mediated reactions,
74
 where X=Y is a generic 
electrophile 
During carbon-carbon bond formation, the Seebach-Eschenmoser model proposes that an 
enamine carboxylate, derived directly from observable oxazolidinones via either E2 elimination 
or deprotonation of the iminium ion formed from condensation of proline and the carbonyl 
compound, attacks the electrophile aided by participation of the carboxylate to form a product 
oxazolidinone in a concerted process. Here, to match the experimentally observed 
stereochemistry of the product, unlike the Houk-List model, the carboxylic acid is not acting as a 
directing group and approach of the electrophile must occur from the opposite face of the 
pyrrolidine ring than the exocyclic carboxylate moiety. The driving force of the reaction was 
suggested to be the formation of the more stable exo-oxazolidinone product, 32b, via the anti-
addition transition state.  
There is a heavy weight of evidence against the Seebach-Eschenmoser model, experimental and 
computational in nature.75,84,85 However, the role of enamine carboxylates as catalytic species 
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outside the framework of the Seebach-Eschenmoser model is still a topic of research and 
debate, 84,85 and will be covered later in Section 1.6.3.2. 
 The Importance of Computational Chemistry in Organocatalysis  1.5
Computational chemistry has played an extremely important role in the development of 
organocatalysis as a field, offering support for mechanistic pathways and aiding in the 
elucidation of the origins of stereocontrol. The results of computational studies have had a great 
amount of weight attributed to them, largely due to the excellent agreement between 
predicted stereochemical outcomes obtained using DFT methods and corresponding 
experimental observations. This strong agreement, and its ability to not only verify but 
accurately predict reaction stereoselectivity, is one of the main reasons that the Houk-List 
model has gained such precedence over competing models. 
 Rationalising the Origins of Stereoselectivity 1.5.1
Through in-depth DFT studies, Houk and co-workers have been able to offer a concise view of 
the origins of stereocontrol in the HPESW reaction, governed by energy differences between 
two transition states. Two chair-like transition states are possible for the enantiodetermining 
carbon-carbon bond forming step of this reaction, Figure 4: the anti transition state, leading to 
the major product (S,S)-4, and syn transition state, leading to the minor product (R,R)-4. 
Geometry optimisations were originally performed at the B3LYP/6-31G(d) level of theory in the 
gas phase, and comparison of the relative total energies suggested the anti transition state to 
be 3.4 kcal mol-1 more stable than the syn, a value in relatively good agreement with the 
experimentally determined 95% ee.67 However, this was later reduced to 2.2 kcal mol-1, a value 
corresponding to 95% ee, by employing single-point energy calculations at the more flexible 
B3LYP/6-311+G(2df,p) level of theory.36 
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Figure 4: Transition structures of the proline-mediated HPESW reaction, as found by Houk and co-workers, at the 
B3LYP/6311+G(2df,p)//B3LYP/6-31G(d) level of theory 
36
 
The difference in energy between the two transition states, and so origin of stereoselectivity of 
the HPESW reaction, has been suggested to depend on two key structural elements: the relative 
degree to which each transition state can adopt a planar enamine, and the degree of 
electrostatic stabilisation provided to the forming alkoxide. A planar enamine allows for the 
greatest possible nucleophilicity of the terminal olefin while also reducing the geometric 
distortion experienced by the forming iminium. The key proton transfer, from the carboxylic 
acid to the forming alkoxide, was determined to provide the majority of the electrostatic 
stabilisation, with a smaller contribution resulting from NCHᵟ+∙∙∙Oᵟ- interactions from the 
pyrrolidine ring, Figure 5. The anti transition state was found to allow for a more planar 
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enamine, χN ANTI = 0° and χN SYN = -13°, Figure 5,
86 than the syn, due to a much more favourable 
geometry for the key proton transfer, so reducing the degree of puckering in the pyrrolidine 
ring. In addition, NCHᵟ+∙∙∙Oᵟ- distances to the forming alkoxide were shorter in the anti transition 
state, 2.4 Å to 3.4 Å, resulting in a greater magnitude of stabilisation from these non-covalent 
interactions.  
 
 
 
θ1 (<bce) 
θ2 (<bcd) 
χN (θ1 - θ2+π) 
 
Figure 5: NCHᵟ
+
∙∙∙Oᵟ
-
 interactions in the Houk-List transition state and definition of dihedral angles used to define 
χN, a measure of the deviation from planarity of the enamine nitrogen, as adapted from the definition of Brown 
and co-workers
86
 
Houk and co-workers refined and provided further evidence towards the stereochemical 
insights of the Houk-List model through investigation of various proline derivatives in the 
HPESW reaction.36,87,88 By exploring the contrasting outcomes of proline derivatives, they 
offered further support to the importance of various structural aspects of the transition states 
and the catalyst. 
Of particular interest, is the exploration of bridged proline analogues, cis and trans 4,5-
methanoproline in the HPESW reaction, Scheme 16.36 Importantly, this study coupled 
computational insights with experimental verification, through collaboration with the Hanessian 
group, who had previously reported the synthesis and use of cis and trans 4,5-methanoprolines 
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as conformationally restricted proline analogues. While cis 4,5-methanoproline, 11a, was found 
to give similar selectivity to that of proline, trans 4,5-methanoproline, 11b, was found to be less 
selective.  
 
 
 
Scheme 16: Selectivity of proline, cis and trans 4,5-methanoproline in the HPESW reaction
36
 
A comparative DFT study of the relative transition states of each catalyst, performed at the 
B3LYP/6-311+G(2df,p)//B3LYP/6-31G(d) levels of theory, determined that the cis and trans 
isomers of 4,5-methanoproline resulted in differing levels of planarity of the enamine. Due to 
repulsive steric interactions between the cis ring and the carboxylic acid, the enamine of cis 4,5-
methanoproline was relatively planar, χN = -10°, while the enamine of trans 4,5-methanoproline, 
lacking these interactions, was far more distorted, χN = -46°. As such, cis 4,5-methanoproline 
more easily favoured the planar, anti transition state over the syn, resulting in a higher degree 
of selectivity. Trans 4,5-methanoproline, already significantly non-planar, was closer in 
distortion to the less favoured syn transition state than the anti; thus affording a lower degree 
of selectivity.  
Similar stereochemical and mechanistic conclusions were reached in the expansion of 
computational work to the intramolecular aldol reaction, suggesting a unified mechanism of the 
proline-mediated inter- and intramolecular aldol reactions, supporting the enamine based, one 
proline mechanism.63,70,89 
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The intermolecular aldol reaction is more complex than the HPESW reaction, in that the 
enamine can attack two prochiral faces of the electrophile, Re or Si, resulting in four possible 
transition states, Figure 6. In addition, it is possible that the electrophile could adopt various 
dihedral angles with the enamine double bond, in contrast to the restricted rotation of the 
HPESW system. Initial calculations by Houk and Bahmanyar on a simplified model system at the 
B3LYP/6-31G(d) level of theory, 70 indicated the only energetically viable transition states were 
those involving the key proton transfer found for the HPESW, and that only transition states of a 
certain dihedral angle between electrophile and enamine were capable of doing so. This 
simplified the search for possible transition states and provided further evidence for a common 
mode of activation between the intra- and intermolecular aldol reactions. 
 
 
Figure 6: Lowest energy Houk-List model transition states of the proline-mediated intermolecular aldol reaction, 
ΔE
‡
 values refer to relative energies at the CPCM(DMSO)/B3LYP/6-311+G(d,p)//B3LYP/6-31G(d,p) level of theory
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As in the HPESW, the anti transition states were found to be lower in energy than the syn, 
displaying greater stabilising electrostatic NCHᵟ+∙∙∙Oᵟ- interactions with the pyrrolidine ring, and 
with the syn also suffering from additional, unfavoured distortion of the pyrrolidine ring in order 
to accommodate the key proton transfer. Addition to the Re face of the electrophile was found 
to be favoured over Si addition, due to the Re minimising steric interactions with the enamine, 
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and affording a lower energy staggering of substituents around the forming carbon-carbon 
bond. The model also demonstrated excellent agreement with experimental results.89,90 
Much like the HPESW reaction, additional insights and support for the Houk-List model have 
been supplied via computational and experimental investigations of the reaction performed 
with proline analogues. An intriguing insight into the importance of acid geometry was provided 
by Armstrong and Bhonoah,90 in their computational and experimental investigation of β-proline 
and constrained proline analogues of the aldol reaction, providing yet further support for the 
Houk-List model. 
The debate surrounding alternative mechanisms of the aldol reaction has also been studied via 
computational methods, in particular, comparison of the Houk-List and Seebach-Eschenmoser 
models. Sharma and Sunoj performed an in-depth exploration of competing enamine and 
oxazolidinone pathways for the proline-mediated propanal self-aldol reaction, comparing the 
relative energetics of each using the B3LYP, MP2, and M052X functionals at the 6-31+G(d,p) 
level of theory.85 While both models were found to predict the correct enantioselectivity, 
diastereoselectivity was incorrectly predicted by the Seebach-Eschenmoser model. In addition, 
the Houk-List enamine pathway was energetically more favourable than the Seebach-
Eschenmoser oxazolidinone pathway, by a large 11.6 kcal mol-1 using the B3LYP functional and 
6.3 kcal mol-1 using the MP2 functional. Comparatively, the product iminium of the Houk-List 
model was also found to be of lower energy than the corresponding product oxazolidinone of 
the Seebach-Eschenmoser model. 
Computational chemistry has been used to examine, and provide evidence for, Houk-List or 
Houk-List-like models of stereocontrol in the proline-mediated Mannich,91 α-alkylation,92 various 
α-functionalisations, and Michael reactions, among many others.93 While a discussion of these 
reaction classes, and the use of DFT to investigate other classes of organocatalyst, is beyond the 
scope of this introduction, an excellent review on quantum mechanical investigations on 
mechanisms in organocatalysis has been compiled by Houk and co-workers.93 
 Prediction Rather Than Rationalisation: Catalyst Design 1.5.2
Perhaps a more interesting test of the capabilities of DFT, and the Houk-List model, lies in the 
prediction of stereoinduction rather than rationalisation. Where DFT is used as a predictive tool, 
it can be employed in the design of more efficient catalysts. Perhaps the best, and earliest, 
example of the use of the Houk-List model in this context is the work published by Mitsumori 
and co-workers in 2006, in their successful efforts to design a highly selective anti-Mannich 
catalyst, Scheme 17.94 Analysis of the computed transition states of the Mannich reaction, at the 
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HF/6-31G(d) level of theory, allowed for design of β-proline analogue 34, a catalyst which was 
predicted to be highly anti selective, with selectivity of 95:5 anti:syn and 98% ee. After 
simulation, the catalyst was synthesised and employed in the Mannich reaction, where it 
exhibited selectivity in excellent agreement with computational results, 98% ee and 95:5 
anti:syn, becoming the first reported anti-selective Mannich organocatalyst. 
 
 
 
Scheme 17: Rationally designed 34 as an anti-selective catalyst in the Mannich reaction
94
 
Shinisha and Sunoj have also employed DFT to predict the behaviour of a number of constrained 
bicyclic proline analogues in the intermolecular aldol reaction,37 with the hypothesis that 
addition of constraints to the pyrrolidine ring, in the form of methyl or ethyl bridging units, will 
lead to more energetically favourable arrangements of the appropriate transition states and so 
increase selectivity in comparison to proline. Experimental verification is yet to be undertaken in 
the literature and this work, along with that of Armstrong and Bhonoah,90 will be discussed 
further in Section 3. 
 The Importance of Kinetic Studies in Organocatalysis 1.6
Reaction mechanisms may be proposed and transition states computationally studied via DFT, 
but in order to be considered plausible, any mechanistic proposition must be shown to be 
compatible with the kinetics of a catalytic cycle. Kinetic studies in the field of organocatalysis 
have provided a wealth of information on a range of reaction classes and catalysts. In particular, 
the work of Armstrong, Blackmond, and co-workers has proven particularly significant. 
Throughout their studies, Armstrong, Blackmond, and co-workers performed analysis of the 
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reaction kinetics prior to alternative mechanistic investigations. Terming this a ‘kinetics first’ 
approach, the researchers point out that by measuring the kinetics at the outset of a 
mechanistic investigation, orders in substrates are known, a resting state for the cycle has been 
proposed, and the stability of the catalyst has been assessed, so that this wealth of information 
can then be used to guide mechanistic suggestions and further experimental investigations.95-97 
 A Kinetics First Approach: Reaction Progress Kinetic Analysis 1.6.1
Underpinning the kinetics first approach of Armstrong, Blackmond, and co-workers, is 
Blackmond’s reaction progress kinetic analysis (RPKA) methodology.97 This is a graphically driven 
methodology of investigating complex catalytic reaction networks by determining the stability 
of the catalytic cycle and the reaction orders of substrates under synthetically relevant, i.e. non-
pseudo zero order, conditions in a fraction of the number of experiments required by classical 
kinetic analysis techniques. 
1.6.1.1 Experimental Approach: In situ Monitoring Techniques 
The key to the experimental approach of RPKA lies in the use of data-rich in situ monitoring 
techniques. Adopting this approach is extremely important for a number of reasons. Firstly, a 
much greater volume of data can be gathered for far fewer reactions performed, in comparison 
to off-line techniques. In situ techniques provide a continuous temporal reaction rate profile, 
whereas sampling coupled with off-line analysis provides a limited number of data points per 
reaction. Secondly, with a continuous temporal profile, changes in kinetic regime are much 
easier to observe such as, for instance, an induction period at the start of a reaction; such 
findings can be of great consequence to a mechanistic study. 
There are a number of different experimental techniques which allow the user to perform in situ 
measurements of reaction kinetics. Two common examples are IR spectroscopy and reaction 
calorimetry. The measured quantity of in situ IR spectroscopy, absorbance, is proportionally 
related to substrate concentration. Once a temporal concentration profile is gathered, these 
data can be differentiated with respect to time to return the reaction rate, Equation 1, where 
[X] denotes the concentration of substrate X. 
Equation 1: Conversion of the primary IR parameter, absorbance, to reaction rate 
[ ]  [ ]             [ ]     
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  ⁄  
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Techniques such as this in which concentration is proportional to the integral of the reaction 
rate are termed integral techniques. Other forms of spectroscopy, such as NMR or UV, are also 
examples of integral techniques. As a mathematical function must be applied, the rate 
determined by integral techniques is termed a processed parameter. Typically, a method of 
smoothing is applied to the concentration data prior to processing as differentiation tends to 
degrade the signal-to-noise ratio.  
Reaction calorimetry operates in an orthogonal manner to IR spectroscopy. In this instrument, 
the reaction is performed in an adiabatic chamber. Upon initiation of the reaction, the 
instantaneous heat flow is measured by comparing the evolving temperature profile of this 
chamber over time to that of a reference chamber, which is held at a constant temperature. 
Unlike the measured quantity of an integral technique, heat flow is directly related to the 
reaction rate through the thermodynamic heat of reaction. Conversion and concentrations 
profiles can be simply determined through integration of heat flow data against time, Equation 
2, where q is heat and V is volume. Calorimetry is termed a differential, or derivative, 
measurement technique. As the rate is proportional to the primary measured parameter, no 
smoothing is necessary. 
 
Equation 2: Conversion of primary parameter of reaction calorimetry, heat, to reaction conversion 
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Use of in situ monitoring requires the technique to be validated, to ensure both the accuracy of 
the in situ measurements and that the data accurately represent the behaviour of the reaction. 
Typically, the temporal profile supplied by the technique is compared to that supplied by an 
orthogonal technique, in situ or off-line.  
1.6.1.2 Conceptual Approach: Excess and Graphical Analysis 
Conceptually, RPKA is based on the concept of ‘excess’ and the graphical manipulation of large 
datasets in order to visually, and simply, interpolate experimental findings. Excess, [e], is defined 
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as the difference in concentration of two substrates. Excess has units of concentration and is set 
by the initial condition of the reaction. For the simple exemplar reaction shown in Scheme 18, 
excess is defined by Equation 3. Here, a, b, and p represent the reaction stoichiometry and will, 
for this simple case, be assumed to be one. 
 
 
Scheme 18: Simple exemplar reaction 
 
Equation 3: Definition of excess 
       [ ]    [ ]   [ ]   [ ]   [ ] 
 
The ‘same excess’ protocol allows the user to probe the stability of the catalytic cycle. In the 
simplest case, this can take a minimum of two experiments. The user performs two reactions 
each at different starting concentrations of substrates A and B but, crucially, with identical 
values of excess, Table 2. 
 
Table 2: Exemplar same excess experimental conditions 
Experiment 
[A]0 
(M) 
[B]0 
(M) 
[Catalyst] 
(M) 
[Excess] 
(M) 
Same Excess Experiment 1 2 4 0.2 2 
Same Excess Experiment 2 1 3 0.2 2 
 
The initial conditions of Experiment 2 have been chosen so that they correspond to 50 % 
conversion of Experiment 1. The kinetic profile of each reaction is recorded and substrate 
concentration is plotted against time. The relative time of Experiment 2 is then adjusted so that 
initial substrate concentration occurs at the same time as Experiment 1; this is known as a time-
adjusted same excess experiment. If the catalytic cycle is at steady state, the two kinetic profiles 
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should overlay and match exactly from the point of identical substrate concentration onwards. 
Perfect overlay means that the catalytic cycle is stable, Figure 7 (a).  
If no overlay is observed, Figure 7 (b), the catalytic cycle is not operating under steady state 
conditions. The user must then perform additional experiments to determine the root of these 
findings; two common occurrences are catalyst inhibition or acceleration. This protocol offers 
extremely valuable insights into the stability of the catalytic cycle.  
 
a)  
b)  
 
Figure 7: Exemplar same excess protocol kinetic profiles: a) Time-adjusted displaying overlay; b) Time-adjusted 
displaying no overlay 
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The ‘different excess’ protocol allows the user to probe dependence on substrate concentration. 
The power law form of the rate equation, in which m is order in substrate A and n is order in 
substrate B, is shown in Equation 4, where k is the rate constant. Here, the user can determine 
the magnitudes of m and n and thus probe the reaction mechanism. 
 
Equation 4: Power law form of the rate equation 
       [ ]  [ ]  
 
Typically, and in classical kinetic applications, it would be imagined that both the concentration 
of substrate A and substrate B would need to be measured simultaneously in order to 
determine the reaction rate. However, by defining the concept and value of excess from the 
reaction initial conditions, Equation 3, the concentration of only one substrate need be 
measured and the other is known. By substituting the relationship of excess into the power law 
equation, Equation 5, the equation reduces to contain only one variable and so the reaction rate 
can be determined through the measurement of only one substrate concentration. 
 
Equation 5: Substitution of excess into the rate equation power law 
[ ]  [ ]  [ ] 
 
       [ ]   [ ]  [ ]   
 
To carry out the different excess protocol, the user must perform a minimum of two 
experiments, each at different starting concentrations and a different value of excess. The 
kinetic profiles are then plotted in the form of Equation 6, which is the power law rate equation 
arranged in the form of a straight line, y = mx. 
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Equation 6: Rate equation in the form of a straight line 
    
[ ] 
   [ ]  
The values for m and n are adjusted dynamically, by trial and error, so that when n is correctly 
determined the kinetic profile takes on the form of a straight line, and when m is correctly 
determined all the profiles overlay. Importantly, this method can be employed for complex 
situations where m and n are not integers. 
RPKA has proven a valuable methodology to probe the mechanisms of catalytic reactions, 
whether in the field of organocatalysis,98 or beyond,95,99 and has proven to be extremely 
valuable as a tool in elucidating the effects of additives in proline-mediated reactions and in 
deconvoluting effects on and off the catalytic cycle. 
 The Aldol Reaction 1.6.2
The earliest kinetic studies of the aldol reaction were perfomed by List and co-workers, who 
studied retro-aldolisation kinetics to determine the reaction order in proline, finding it to be first 
order, in support of the single proline enamine mechanism.63 
The first detailed kinetic investigations of the proline-mediated intermolecular aldol reaction 
were performed by Armstrong, Blackmond, and co-workers, in order to provide a coherent 
mechanistic rationale of the role of water as an additive.100 Previous to this, Pihko and co-
workers had reported that addition of water to the proline-mediated aldol reaction led to rate 
acceleration. However, these results were not founded on experiments of a kinetic nature. 
Rather, they were based on a single conversion data point, taken at the end of 3 to 13 days, in 
which Pihko found the reaction yield increasing from 10 to 24 upon the addition of 100 mol% 
water to the benchmark aldol reaction of p-nitrobenzaldehyde to acetone.101,102 
Contrary to suggestions by Pihko and co-workers, and somewhat counter-intuitively, these 
detailed kinetic investigations showed that, despite an overall increase in yield, water slowed 
the rate of reaction. By performing the same excess RPKA protocol, Armstrong, Blackmond, and 
co-workers found that in the absence of water, the catalytic cycle was not at steady state. 
Addition of water was then shown to bring the same excess experiments into overlay, meaning 
the catalytic cycle had reached steady state. Through addition of water, conditions had been 
established for which the catalytic cycle operated at steady-state, a condition essential for 
examining the intrinsic kinetics of the reaction and so allowing the role of water on the catalytic 
cycle to be probed. 
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Here, the catalytic cycle can be divided into two distinct processes; ‘on-cycle’, regarding 
productive steps in the catalytic processes, and ‘off-cycle’, those which play no direct role in the 
formation of the product, Scheme 19. As a major off-cycle pathway, proline is susceptible to 
irreversible deactivation as a catalyst, through formation of oxazolidinones, 36, followed by 
decarboxylation to an azomethine ylide, 37, which in turn can undergo a [3+2] cycloaddition 
with starting material aldehyde to form species 38. 
 
 
Scheme 19: On- and off-cycle processes within the proline-mediated aldol reaction
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Off-cycle, water hinders the formation of iminium 35, thus suppressing the catalyst deactivation 
pathway. With the decarboxylation pathway no longer removing active proline from the 
catalytic cycle, the reaction is free to proceed to a greater degree, and so a higher yield. 
However, added water also hinders the formation of on-cycle iminium 29, slowing the overall 
rate of reaction. Thus, the role of water as a combination of on- and off-cycle processes explains 
the increase in yield and simultaneous decrease in rate. This work highlights the importance of 
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kinetic studies for mechanistic understanding and highlights the dangers of single data point 
yield/time approach and the superiority of in situ monitoring techniques, particularly in 
transformations that require lengthy reaction times. 
In a further kinetic and mechanistic study, Armstrong, Blackmond, and co-workers employed 
the different excess RPKA protocol to examine the concentration dependencies of each 
substrate, with water found to have a negative reaction order.103 The order in aldehyde, 25, and 
ketone, 23, were also deduced, allowing a mechanistic model to be fitted to the kinetic data and 
the proposal of rate determining step to be the carbon-carbon bond forming step. In support of 
this proposal, a calculated normal kinetic isotope effect was in good agreement with the 
experimentally determined value. Prior to this kinetic evidence, several different steps in the 
reaction mechanism had been proposed as rate determining; these results were important 
because knowing exactly which is rate determining is essential for a proper understanding of the 
reaction mechanism and rational improvement of catalyst efficiency. 
 The α-Amination and α-Aminoxylation Reactions 1.6.3
1.6.3.1 Protic Additives 
Kinetic investigations have yielded yet more intriguing insights into reactions closely linked to 
the intermolecular aldol reaction; the proline-mediated α-amination and α-aminoxylation 
reactions, Scheme 20.18,20,21,104,105 
 
 
 
Scheme 20: Proline-mediated α-amination
18,20
 and α-aminoxylation
21,104,105
 reactions 
As with most proline-mediated transformations, it was widely assumed that the α-amination 
and α-aminoxylation reactions proceeded identically in mechanism to the aldol reaction. 
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However, on examining the kinetic profiles of both α-functionalisation reactions, Blackmond 
and co-workers discovered intriguing autoinductive behaviour, characterised by a rising rate as 
the reaction proceeds and substrates are consumed.72,106 
Initial kinetic studies revealed that reaction product played a role in accelerating the rate,107 
with the rising rate attributed to a rising concentration of product over time. Further studies 
showed that protic additives, including alcohols and carboxylic acids, also accelerated the 
rate.108 It was shown that above a certain initial loading of either product or protic additive 
identical reaction profiles were observed, suggesting a common mode of operation for these 
additives and that the hydrazine or alkoxyamine groups of the respective reaction products 
were acting as proton sources. In contrast, protic or acidic additives were found to have no 
effect on the rate of the proline-catalysed intermolecular aldol reaction. 
Investigation, and comparison, of the rate determining step of both α-functionalisation 
reactions and the aldol reaction was to yield a rationale for the differences in behaviour 
between reaction classes. It was discovered that the proline-mediated α-amination and α-
aminoxylation reactions exhibited zero order behaviour in electrophile, unlike the positive order 
kinetics in electrophile in the aldol reaction. Such kinetic information suggested the rate 
determining step of the α-amination and α-aminoxylation reactions to precede carbon-nitrogen 
bond formation, consistent with rate-determining enamine formation. Such a conclusion, of 
different rate determining steps for each reaction class, supports the observance of rate 
enhancement in the presence of acid additives in the α-functionalisation reactions but not the 
aldol. If acids were to enhance the rate of enamine formation, this would manifest as a rate 
enhancement of the α-amination and α-aminoxylation reaction only, Scheme 21. The hypothesis 
of different rate determining steps is further supported by the observation of a large primary 
kinetic isotope effect in the α-functionalisation reactions only when employing deuterated 
propanal as starting material. 
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Scheme 21: Differences in the rate determining steps between the proline-mediated aldol, and α-amination and α-
aminoxylation reactions, where X=Y is a generic electrophile
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1.6.3.2 Basic Additives and Prolinate Salts 
As an extension to their work on the role of protic additives, Armstrong, Blackmond, and co-
workers investigated the role of basic additives in the α-amination reaction. Initially, this work 
was planned to investigate the tenet of the Seebach-Eschenmoser model that base-catalysed 
oxazolidinone elimination is a key step in the catalytic cycle.74 However, upon initial 
investigation, they observed an inversion in configuration of the major product enantiomer and 
a change in kinetic profile upon addition of catalytic amounts of tertiary amine bases, system 
41, Scheme 22.109 Furthermore, preformed tetrabutlyammonium prolinate salts, 42, also gave 
product inversion and an identical kinetic profile. Further exploration of the role of preformed 
proline salts found that while prolinate salts of group 1 metals provided a racemic product 
mixture,109 addition of crown ethers led to the inverted product,110 also noting a correlation 
between increase in selectivity and crown ether size. No such base-induced reversal of 
selectivity in an organocatalytic reaction had previously been reported. Clearly, such an 
inversion had profound implications for the stereochemical models developed for proline-
mediated transformations. 
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Scheme 22: Reversal of selectivity in the α-amination reaction for a number of catalytic systems
109,110
 
By analogy to Gschwind and co-workers’ studies on proline enamines,75 Armstrong, Blackmond, 
and co-workers performed in situ NMR observations of proline and propanal alone which 
similarly revealed the major observable species to be a mixture of diastereomeric 
oxazolidinones. On addition of a tertiary organic base, such as DBU in system 41 above, the 
oxazolidinones were found to convert quantitatively to an enamine carboxylate, 43, allowing 
the first spectroscopic characterisation of such a species, with no observation of any 
oxazolidinone species present, Scheme 23.110 These experimental observations were backed up 
by computational models which, by explicitly including a molecule of DBU, found the 
transformation of oxazolidinone to enamine carboxylate to be thermodynamically favoured by 
5.7 kcal mol-1 at the M062X/6-31+G(d,p) level of theory in the gas phase. 
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Scheme 23: Oxazolidinone to enamine carboxylate equilibrium  
This evidence suggested that the inversion of selectivity was attributed to a catalytically active 
enamine carboxylate intermediate. To rationalise the observed S-selectivity, it was proposed 
that this enamine carboxylate induced stereoselectivity via anti addition to the anti enamine 
rotamer, resulting in either the product iminium or oxazolidinone, Scheme 24. The exact 
method by which stereochemistry is induced is uncertain and, despite featuring an enamine 
carboxylate intermediate, these results do not validate the Seebach-Eschenmoser model,  
Scheme 15. In fact, the evidence completely opposes the Seebach-Eschenmoser model as, 
although invoking an enamine carboxylate as central to stereoselectivity, the Seebach-
Eschenmoser model involves anti addition to a syn enamine, and predicts reaction products of 
the same sense as the Houk-List model, contrary to experimental observations here.  
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Scheme 24: Transition state models for the Houk-List, Seebach-Eschenmoser, and revised prolinate pathways 
Induction of stereoselection for the revised prolinate model could be via the carboxylate acting 
as a blocking group, as proposed for diarylprolinol silyl ether catalysts,111-113 which show 
opposite selectivity to that of proline in the α-amination reaction.45 Such a mechanism sits well 
with experimental evidence of a clear trend in product ee, basic additive size,109 and prolinate 
salt counterion size via addition of crown ethers.110 However, these results cannot truly 
distinguish between a steric-blocking effect or one inducing covalent involvement of the 
carboxylate in the transition state, despite additional computational evidence from Sunoj and 
Sharma that the latter, and the product iminium, is energetically disfavoured.114 
Detailed kinetic studies of the prolinate salt-mediated α-amination reaction were to provide 
additional intrigue. The kinetic profile using prolinate salts is complex, Figure 8, with three 
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distinct regions; an initially high but rapidly decreasing rate, a region of slowly increasing rate, 
and a final region of zero order kinetics.115 Initial studies suggested apparent overall zero order 
kinetics, resulting from a balance between positive order kinetics in aldehyde and apparently 
negative order kinetics in 39, with the reaction faster at lower initial concentrations of 39 than 
at high. 
 
 
 
Figure 8: Kinetic profile of α-amination reaction-mediated by prolinate salt, reaction carried out with increasing 
concentrations of 39. Figure taken from reference for clarity
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Pre-mixing of 39 and the prolinate catalyst, 42, was found to severely inhibit the reaction rate 
and observation of the mixture by NMR allowed the identification of stable, off-cycle species 45, 
Scheme 25, reversibly formed by the prolinate salt and 39, a species not formed at all by proline 
and 39. 
 
 
 
Scheme 25: Species formed on the mixing of prolinate salt and 39
110
 
The formation of 45 explains the three regimes of the kinetic profile. The rapid decrease in 
initial rate occurs as a large proportion of active catalyst is sequestered by 39 as 45. The rising 
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rate regime is then rationalised via the release of catalyst, as 39 is consumed, and less of 45 can 
be formed. The apparent negative order in 39 is also rationalised by the stability of 45, as the 
concentration of catalyst available for the reaction decreases with increasing initial 
concentration of 39. 
Supported by kinetic simulations, the intrinsic kinetics were shown to be first order in propanal 
and zero order in 39. Thus, via deconvolution of the role of off-cycle species, the complex kinetic 
profiles and apparent kinetics of the reaction can be explained to arise from the simple intrinsic 
kinetics of the reaction coupled with an off-cycle reservoir equilibrium. 
Through this first-principles understanding of the reaction mechanism, Armstrong, Blackmond, 
and co-workers were able to purposefully improve the productivity of the α-amination reaction 
via addition of acid. This addition has two consequences: firstly, acid increases the rate of 
decomposition of 45, thus making more catalyst available for the reaction; secondly, acid 
increases the intrinsic reaction rate, as discussed in Section 1.6.3.1 above.  
Further study found that product selectivity was also a function of acid co-catalyst pKa. While 
preformed prolinate salts gave the S enantiomer of the product, addition of more than one 
equivalent of acid, or use of a strong acid relative to the pKa of the proline carboxylate, gave the 
R product. Furthermore, addition of chloroacetic acid, which has an aqueous pKa close to that of 
proline, resulted in an almost racemic reaction product.  
This evidence suggests that the stereochemical outcome of the reaction is controlled by a 
competition between the relative dominance of proline vs. prolinate transition states and 
pathways, Scheme 26. Under the proline/oxazolidinone/enamine pathway, the reaction 
operates under the Houk-List model of stereocontrol; selective for the R product. While under 
the proline plus DBU/preformed prolinate/enamine carboxylate pathway, the reaction operates 
under the revised prolinate model of stereocontrol, selective for the S product. The relative 
dominance of either pathway is easily tuneable through choice of acid co-catalyst of an 
appropriate pKa. 
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Scheme 26: Product selectivity as a function of reaction pathway in the proline-mediated α-amination reaction
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As a final, practical consideration of these results, it was found that the prolinate salt catalyst 
can be formed in situ by combining proline with the NBu4 salt of a chosen acid co-catalyst, 
Scheme 27. This streamlined reaction protocol avoids the need to isolate hygroscopic prolinate 
salts, allows for straightforward control of the product selectivity by careful choice of the pKa of 
acid counterion, and also results in an 8-fold increase in reaction rate.115 
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Scheme 27: In situ preparation of prolinate salt and acid co-catalyst
115
 
 Concluding Remarks 1.7
Through the research outlined above, important insights into the mechanisms of 
organocatalytic reactions have been highlighted and discussed. Proline-mediated catalysis, in 
particular, is reaching maturity as a field. From the early exploration of the mechanism of the 
HPESW reaction,15,61,62 key kinetic,63 isotopic labelling,69 phase behavioural,64,65 and 
computational studies66-68 established the single-proline enamine model in the literature. The 
extension of these mechanistic insights to the intermolecular aldol reaction and the 
collaborative and complementary insights of computational chemistry63,70 led to the emergence 
and widespread acceptance of the Houk-List model for stereocontrol. The Houk-List model is 
central to proline-mediated, and related, catalysis with the concept of stereoinduction via 
directing group control. The model has been supported and borne out by computational 
verification and prediction across a variety of catalytic systems,36,37,63,68,70,87-94 offering repeatedly 
excellent agreement with experimental results. Kinetic studies have also played an important 
role in the acceptance of the Houk-List model. Clarification of the role of water,100 and 
determination of the rate determining step,103 in the proline-mediated aldol reaction have 
cemented an understanding of the catalytic mechanism. The final piece of evidence towards the 
Houk-List model was offered more recently, with the in situ detection of the catalytically active 
enamine;75 this important NMR work also incorporated the previously ‘parasitic’69 
oxazolidinones into a role on the catalytic cycle. 
Over the last few years, the importance of kinetic studies, and the RPKA methodology,97 in 
supporting mechanistic proposals has become particularly apparent. Clarification of the role of 
protic additives in the α-amination and α-aminoxylation reactions,71,72,107 through identification 
of the rate determining step,108 offered further mechanistic insights into the complexities of 
proline-mediated reactions. Additional work on the role of basic additives in the α-amination 
reaction,109,110,115 led to the development of an additional stereochemical pathway for basic 
additives and preformed prolinates,109 vastly improving the catalytic performance and 
controllable stereoselectivity of the α-amination reaction,115 highlighting the catalytic 
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importance of enamine carboxylates,110 and acting as a final refute of the Seebach-Eschenmoser 
model. Finally, developments and investigations of proline analogues, such as diphenylprolinol 
silyl ether, are opening up a further generation of organocatalysts performing beyond the 
current limitations of proline.27,40,42,45-57 
In the results to be reported below, the complementary kinetic and computational approach of 
the research outlined above has been extended, in attempts to yield insights into the 
mechanisms of the proline-mediated conjugate addition reaction, the significance of structural 
constraints in bicyclic proline analogues, and the intriguing behaviour of the diarylprolinol silyl 
ether-mediated α-selenation reaction. 
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2 Proline-mediated Conjugate Addition Reaction 
 Introduction 2.1
Proline has found widespread use as a catalyst in many fundamental reactions; the scope and 
behaviour of the aldol,100,103 Mannich,25,94 α-amination and α-aminoxylation108 reactions have 
been thoroughly studied and documented.8,116 However, conjugate addition reactions, in which 
the nucleophile is the carbonyl α-carbon, remain an area in which proline shows significant 
limitations for a number of Michael acceptors: lengthy reaction times are often required and 
selectivities can be low. Addition of aldehydes or ketones to nitro-olefins results in 
characteristically low selectivities; this behaviour is repeated for other Michael acceptors, such 
as alkylidene malonates, and is accompanied by poor yields in the case of cyclohexanone, 
Scheme 28.117-120 
 
 
Scheme 28: Proline-mediated conjugate addition reactions
117-120
 
In order to address these problems of catalyst inefficiency, it is first necessary to understand the 
reaction mechanism. While a number of studies have investigated non-linear effects and the 
effects of various additives in the proline-mediated conjugate addition reaction,121-124 to the best 
of our knowledge, there have been no in-depth mechanistic investigations. Based on the 
previous successes of our group in elucidating the mechanistic behaviour of organocatalytic 
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reactions,100,103,108-110 we were keen to investigate the proline-mediated conjugate addition 
reaction as the next logical step in an extension of these studies.  
 Experimental Setup 2.2
The model reaction chosen with which to investigate the mechanism was that between β-
nitrostyrene and butanal; conditions for performing and analysing this process are 
straightforward and are well established.118,125 In addition, the enantioselectivity of the reaction 
is low, allowing an opportunity for potential improvement, Scheme 29.  
 
 
Scheme 29: Proline-mediated conjugate addition reaction between butanal and β-nitrostyrene, model reaction to 
be used in this thesis 
In keeping with the previous research of our group, we chose to employ a ‘kinetics first’ 
approach to studying the mechanism of the proline-mediated conjugate addition reaction. Due 
to the prolonged reaction times of this reaction, measurements of the kinetic profile were taken 
using in situ IR spectroscopy, a method suited to monitoring extended reaction times. A Mettler 
Toledo ReactIR 4000 in conjunction with a MultiMax RB04-50 was used, the setup of which 
allowed four temperature controlled reactions to be run and automatically sampled in parallel 
over an extended period of time. All reactions performed in parallel were set up from common 
stock solutions. Separate stock solutions of proline and β-nitrostyrene were prepared; each was 
thoroughly stirred before use to ensure complete dissolution of solids, which was judged 
visually. Volumes of the solutions of proline and β-nitrostyrene were added to the reaction 
vessel and stirred. Good practice of sampling four spectra prior to reaction initiation was 
followed, to be sure the solution was well mixed and at an equilibrated temperature. Butanal 
was injected to initiate the reaction. Butanal was distilled immediately prior to use and β-
nitrostyrene was the limiting reagent of every experiment. Examination of the spectra of the 
various components in the reaction mixture allowed identification of a single discrete peak with 
which to monitor the reaction; that of the product at 1556 cm-1, most likely corresponding to 
the antisymmetric stretch of the nitro group of the product. This peak was followed and the 
returned data differentiated to afford reaction conversion, thus allowing starting material 
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concentration to be plotted in the graph below. Further experimental details can be found in 
Appendix A.  
 Kinetic Investigations 2.3
Underpinning our ‘kinetics first’ approach is the use of the RPKA methodology, as described in 
Section 1.6.1; the first step of which is the same excess protocol. Two reactions of different 
starting concentrations of β-nitrostyrene and butanal, but of the same excess, were performed 
in parallel using ReactIR and sampled at two minute intervals over a period of 9–20 hours. 
Differentiation of the concentration profile increased the level of noise in the system to 
unacceptable levels, despite attempts at smoothing the data; see Appendix A. Therefore, a 
time-adjusted graphical analysis was performed, Figure 9. It is easily seen that the reaction 
curve SE1 proceeds slower than that of SE2 from the point of identical substrate concentration 
onwards. The fact that the time-adjusted kinetic profiles do not overlay confirms that a process 
other than the intrinsic kinetics of the reaction is slowing the observed rate. 
 
Components SE1 SE2 
[β-nitrostyrene] 0.2 0.1 
[Butanal] 0.4 0.3 
[Proline] 0.01 0.01 
[Excess] 0.2 0.2 
 
Figure 9: Time-adjusted same excess experiment of the proline-mediated conjugate addition reaction between β-
nitrostyrene and butanal 
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A possible cause of the lack of overlay could be a decreasing concentration of the catalyst over 
time, due to its sequestration by an off-cycle process. The involvement of proline as a catalyst in 
the homo-aldol reaction of butanal was ruled out after a control experiment showed no 
appreciable yield of the homo-aldol product over the typical time period for the conjugate 
addition reaction. Surprisingly, however, it was found that upon stirring of a mixture of proline 
and β-nitrostyrene a precipitate was formed. Filtration of the addition product allowed isolation 
of this solid but characterisation proved challenging as we found the product to have little 
solubility in a wide range of solvents; attempts to dissolve it by stirring, heating or sonication in 
DMSO, DMF, HMPA or water resulted in a negligible amount of dissolution. 
Proline-catalysed polymerisation of β-nitrostyrene was suggested as a potential source of this 
solid product. Poly(β-nitrostyrene) is a known compound, although one that has been little 
studied; this is noted in the literature and is attributed to the poor solubility of the compound in 
common organic solvents.126 In addition, there is little characterisation data available in the 
literature. Carter and co-workers report that Butler and Schwietert determined molecular 
weights of some samples of poly(β-nitrostyrene) by ebullioscopic method in butanone.126 
However, this seems to be the only case of analysis of poly(β-nitrostyrene) and most work on 
nitrostyrene polymers has been conducted on monomers with various substituents on the 
phenyl ring, which increase the solubility of the polymers. The established method of synthesis 
of poly(β-nitrostyrene) utilises catalytic amounts of sodium methoxide in methanol, Scheme 
30.127  
 
 
 
Scheme 30: Synthesis of poly(β-nitrostyrene) via catalysis by sodium methoxide
127
 
Synthesis of poly(β-nitrostyrene) via the method outlined in Scheme 30 was performed and a 
batch of polymer was attained. Due to its insoluble nature, analysis such as NMR or GPC, to 
attain the molecular weight distribution of the polymer, could not be performed. Solid phase IR 
spectroscopy proved an applicable analytical technique and comparison of the resulting spectra 
of the sodium methoxide initiated polymer to that of the compound produced in the reaction 
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between proline and β-nitrostyrene allowed a positive identification of poly(β-nitrostyrene) to 
be made. 
We therefore propose that a competing reaction, in which proline is acting as an initiator for the 
polymerisation of β-nitrostyrene, removes proline from the catalytic cycle of the conjugate 
addition reaction, Scheme 31. This irreversible, off-cycle reaction decreases the solution 
concentration of proline over time and is the cause of the lack of overlay in the same excess 
experiment. The result of this varying catalyst concentration is that the steady state 
approximation cannot hold; study of the kinetics of the conjugate addition reaction under these 
conditions can produce no meaningful results. Importantly, it is doubtful that this off-cycle 
interaction would have been discovered had the RPKA methodology, and the same excess 
protocol in particular, not been used as the first step in the mechanistic investigation.  
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Scheme 31: Removal of proline form the proposed catalytic cycle of the conjugate addition reaction by initiation of 
β-nitrostyrene polymerisation 
Neither a change in solvent nor order of addition of reactants altered the outcome of the 
reaction. Addition of triethylamine, which has been reported to increase the rate of the proline-
mediated conjugate addition reaction,121 was found to be counterproductive, as triethylamine 
was observed to catalyse the polymerisation of β-nitrostyrene at a faster rate than that of 
proline. An investigation of this phenomenon in the literature showed a number of primary and 
secondary amines to have been reported to form adducts with β-nitrostyrene, Scheme 32.128-130 
In relation to the organocatalysis literature, only one reference of the potential of proline to 
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polymerise β-nitrostyrene could be found; Mase and co-workers observed an instance of the 
polymerisation of β-nitrostyrene by diamine catalyst 14.131 Although the speculated polymer 
was not characterised, the researchers report that the polymerisation was inhibited through the 
use of brine as a solvent.  
Through further examination, we discovered that the widely used organocatalyst 
diphenylprolinol silyl ether, 16a, also initiated the polymerisation at a similar rate as that of the 
proline initiated polymerisation.i We found the lack of acknowledgement of the polymerisation 
reaction in relation to the use of amine base organocatalysts somewhat surprising; especially 
due to the frequent use of β-nitrostyrene in organocatalysed conjugate addition reactions. 
However, this can perhaps be rationalised by the difference in rates of the conjugate addition 
reaction for proline and other organocatalysts; even if all amine organocatalysts do polymerise 
β-nitrostyrene to some extent, the phenomenon only affects the proline-mediated system 
because the conjugate addition reaction is so slow that it is comparable in rate to the 
polymerisation.118,132,133 
 
 
                                                          
i
 Identification was performed by comparison of the solid phase IR spectra of the precipitate formed when 
stirring diphenylprolinol silyl ether and β-nitrostyrene and the spectra of the batch of poly(β-nitrostyrene) 
synthesised in Scheme 30. 
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Scheme 32: Amines known,
128-130
 and shown in this work, to initiate the polymerisation of β-nitrostyrene 
Thus, as we found no means with which to prevent the off-cycle reaction in a manner 
acceptable to continued kinetic investigation, it was concluded that meaningful results could not 
be drawn from a kinetic study of this reaction and work was halted. 
It should be noted that a kinetic study of the same conjugate addition reaction studied in this 
thesis, but mediated via a proline analogue, has previously been reported by Wennemers and 
co-workers. The catalyst is a proline-containing tripeptide which has been shown to catalyse a 
range of conjugate addition reactions with high levels of enantio- and diastereoselectivity at low 
(0.1 mol%) catalyst loadings.125,132,134 Unfortunately, no same excess experiment was performed 
as part of the kinetic study and so no details of whether the catalytic cycle is at steady state or 
not, particularly relating to the polymerisation of β-nitrostyrene as outlined above, can be 
drawn. However, the use of only 0.1 mol% catalyst to achieve near full conversion (>90 %) 
implies that the catalyst is not undergoing deactivation. 
In conducting the kinetic study, the group used the initial rate method, despite employing data 
rich in situ IR spectroscopy to observe the kinetic profile of the reaction. The resulting initial rate 
log plots showed a 0.3 order dependence in butanal at low aldehyde concentrations, that 
became a zero order dependence at higher concentrations, thus supposedly implying that 
steady state conditions were reached for the reaction only at high aldehyde concentrations. An 
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alternative explanation, one not considered in the work, is that saturation kinetics are observed 
upon higher concentrations of butanal. A number of different rate orders in β-nitrostyrene are 
reported and are found to change upon addition of water. Addition of water was also shown to 
slow the reaction, although the effect of this additive on the catalytic cycle was neither 
quantified nor deconvoluted. It is proposed that the rate determining step of the reaction is 
both carbon-carbon bond formation and product iminium hydrolysis. If product iminium 
hydrolysis were to be the rate determining step, the reaction would exhibit zero order kinetics 
in both substrates. However, as the initial rate plots clearly show positive order kinetics, such a 
proposal cannot possibly be correct. It could be the case that carbon-carbon bond formation is 
the rate determining step; this scenario fits with the observed substrate order dependencies, 
although additional experiments are required to further support this mechanism. The accuracy 
of the initial rate plots, or the work performed in constructing them, is not called into question, 
only their final interpretation. Alternative proposals are not discussed and it is possible that not 
enough information has been gathered to correctly assign either reaction orders or potential 
rate determining steps. 
 Concluding Remarks 2.4
It has been demonstrated, through the use of the RPKA methodology, that the proline-mediated 
conjugate addition reaction undergoes irreversible catalyst deactivation due to the competing 
role of proline as an initiator in the polymerisation of β-nitrostyrene and its subsequent removal 
from the catalytic cycle. The reaction was therefore determined to be unsuitable for kinetic 
investigation and work was stopped. 
In addition, it was found that these effects are not merely limited to proline, but apply to a 
number of amines, including the popular organocatalyst diphenylprolinol silyl ether and the 
commonly used additive triethylamine. These are important findings in the context of any 
reaction involving β-nitrostyrene, a free amine and lengthy reaction times, and highlight the 
synthetic importance of the same excess protocol. 
Although these results limit exploration of the kinetics of the proline-mediated conjugate 
addition reaction, further work could be carried out to determine conditions for which the 
catalytic cycle is at steady state and so the intrinsic kinetics of the catalytic cycle can be 
monitored. For example, a greater survey of reaction conditions may yield solvents, additives, or 
alternative substrates that could potentially retard the rate of catalyst deactivation relative to 
the conjugate addition reaction. In addition, the use of proline analogues may also accomplish 
this objective, or could potentially yield interesting results. Of particular interest would be 
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investigation of the catalytic ability of preformed prolinate salts, discussed in Section 1.6.3.2 on 
their use in the α-amination reaction, which came to light after this work was completed, in 
order to probe the catalytic potential of enamine carboxylates in this reaction. 
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3 Bicyclic Proline Analogues as Efficient Organocatalysts 
 Introduction 3.1
Computational investigations into the origin of stereocontrol in proline-mediated reactions have 
proven particularly mechanistically enlightening, as discussed in Section 1.5. The Houk-List 
model for stereocontrol has been proven a reliable and accurate method with which to 
computationally predict and verify the stereochemical outcome of a reaction. Of particular 
interest in studies of the Houk-List model, is the use of proline analogues to probe and 
understand the importance of various structural features of the reaction transition states. 
In 2007, our group published a new methodology towards the synthesis of natural product 
epibatidine, involving a novel aza-Prins-pinacol rearrangement for construction of the 7-
azabicyclo-[2.2.1]-heptane bicyclic skeleton.135 It was realised that a key intermediate of this 
work could provide rapid access to a constrained β-proline analogue, 2,5-β-proline, 48, Scheme 
33.  
 
 
 
Scheme 33: Armstrong group approach to constrained β-proline analogues
135
 
Due to the structural constraints imposed on the 5-membered ring of the 2,5-β-proline system, 
we hypothesised that the compound would prove to be an efficient organocatalyst in the aldol 
reaction.90 In particular, it was envisaged that the advancement of the acid group to the β-
position would negate the side reaction of deactivation of the catalyst via irreversible 
decarboxylation.100 On testing these hypotheses experimentally, it was found that 2,5-β-proline, 
48, afforded lower selectivity than proline in the organocatalysed aldol reaction but significantly 
higher selectivity than its unconstrained analogue, β-proline, 49, Scheme 34. 
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Scheme 34: Experimentally determined product enantioselectivities of proline, β-proline and 2,5-β-proline as 
catalysts in the aldol reaction
90
 
Our group turned to the Houk-List model, and a comparative DFT study of the transition states 
of the reaction with each catalyst, in an attempt to rationalise these results.90 Transfer of a 
proton from the carboxylic acid group to the forming alkoxide is a central feature of the Houk-
List model. In studying the monocyclic β-proline system, the calculations revealed that the 
proton transfer suffered from a significantly non-ideal geometry, θ = 163° for the lowest energy 
transition state geometry. In addition, with the acid group in the β- rather than α- position, the 
pyrrolidine ring was forced to distort to an energetically unfavourable conformation in order to 
accommodate the proton transfer. As a result the β-proline system, while displaying a slight 
energetic preference for the syn over the anti enamine conformation, showed almost no 
preference towards facial selectivity of the aldehyde and the reaction was poorly selective. 
By analogy to Houk and co-workers’ studies on 4,5-methanoprolines,36 it was found that 
addition of a 2,5 carbon bridge to β-proline constrained the pyrrolidine ring in a conformation 
that was more energetically favourable and one that allowed for a more ideal geometry for 
proton transfer, Scheme 35, θ = 171° for the lowest energy transition state geometry. As such, 
2,5-β-proline, 48, was found to be more selective than β-proline, 49, but still not as selective as 
proline. This work provided the first computational rationalisation of the poor selectivity of β-
proline in the aldol reaction as well as deeper insights into the importance of acid geometry in 
the proline-mediated aldol reaction and the Houk-List model.90 
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Scheme 35: Qualitative representation of the Houk-List transition states for proline, 1, β-proline, 49,, and 
constrained 2,5-β-ethanoproline, 48, showing the importance of acid geometry to the key proton transfer 
Given the excellent agreement between theory and experiment, and the demonstration that 
conformational constriction can result in more enantioselective catalysts, we were attracted to 
the closely related work by Shinisha and Sunoj, who had published DFT studies on [2.2.1] and 
[2.1.1] bicyclic proline analogues in the same organocatalysed aldol reaction.37 
Shinisha and Sunoj investigated and predicted the catalytic capabilities of a number of 
constrained proline analogues, resulting in similar predictions to our own and those of 
Hanessian and Houk; that the constrained nature of these catalysts would lead to more 
organised transition states capable of affording an increase in the product enantioselectivity. In 
addition to reaction selectivity, the reaction was predicted to proceed at an enhanced rate, 
based on a lower activation barrier found for the rate determining carbon-carbon bond forming 
step. A combination of three main factors were assigned to account for these observations: the 
structural rigidity of the catalysts, improved transition state organisation as a result of this, as 
well as the involvement of weak interactions including additional NCHᵟ+∙∙∙Oᵟ- and coulombic 
interactions brought about by the structural constraints. 
We decided to undertake experimental verification of this computational work. While a number 
of the bicyclic proline analogues investigated by Shinisha and Sunoj had been synthesised in the 
literature,136-145 there had been no reports of their use as organocatalysts. We therefore chose 
to examine three of the compounds to form a representative example of the results of the 
study, Scheme 36. 2,4-Ethanoproline, 50, was predicted to give the highest selectivity of all 
structures examined; 3,5-ethanoproline, 51, was predicted to perform similarly to proline 
despite the addition of structural constraints; and 1,4-methano β-proline, 52, was predicted to 
induce almost no selectivity. 
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Scheme 36: Three bicyclic proline analogues computationally studied by Shinisha and Sunoj chosen for synthesis 
and experimental verification in this work
37
 
 Catalyst Synthesis 3.2
 2,4-Ethanoproline 3.2.1
Our initial efforts focussed on the preparation of 2,4-ethanoproline, 50.136,137 Grygorenko and 
co-workers have published two syntheses of this compound and we chose to first attempt the 
shorter, and earlier published, of the two routes, Scheme 37.136 
In planning this synthesis, Grygorenko and co-workers chose to base their strategy on the 
separation of diastereoisomers rather than on an enantioselective synthesis. The synthesis 
began with a Corey-Chaykovsky cyclopropanation of 2-cyclopenten-1-one, providing bicyclic 
ketone 53. Ring-opening of this compound afforded racemic chloride 54. A tandem Strecker-
intramolecular cyclization reaction was performed with the enantiomerically pure chiral α-
aminonitrile 55, leading to formation of diastereomeric products which it was hoped could be 
separated via column chromatography. Although separation was successful, the overall yield of 
the reaction was low, 40 %, and the selectivity even poorer; 56a and 56b were formed in only 8 
% yield each with the majority of the reaction product the unexpected compound 57. Acid 
hydrolysis of the cyano groups of 56a and 56b, followed by hydrogenolytic removal of the alpha-
methyl benzyl group, afforded the final N-deprotected amino acids as their hydrochloride salts, 
58. 
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Scheme 37: Synthesis of 2,4-ethanoproline, 50,  via the original published route by Grygorenko and co-workers
136
 
We planned to improve this synthesis by following an alternate strategy for stereoinduction and 
making the enantiopure cyclopropane (1S,5R)-53, Scheme 38, hoping that doing so would 
remove the need for the separation of isomers 56a and 56b as well as offer a potential doubling 
of the yield of 56b in the tandem Strecker-intramolecular cyclisation reaction. 
We chose to adopt Hodgson and co-workers’ route towards enantiopure bicyclic ketone 
61.146,147 Grignard addition to epichlorohydrin resulted in an acceptable yield of olefinic alcohol 
59. LTMP-induced intramolecular cyclopropanation of 59, proposed to proceed via α-lithiation 
of the epoxide 60,148 furnished bicyclic alcohol 61 in good yield. TEMPO oxidation led to bicyclic 
ketone (1S,5R)-53, in a moderate yield.149 The enantiomeric purity of the ketone at this stage 
was not analysed; we instead relied upon Hodgson’s precedent. Heating of (1S,5R)-53 at reflux 
with pyridine hydrochloride allowed for ring opening of the cyclopropanone moiety. A 
significant amount of an additional product, unreported by Grygorenko and co-workers, was 
detected upon completion of this reaction. Identification by NMR proved inconclusive. 
However, two distinct carbonyl peaks could be observed by IR, characteristic of both a five-
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membered and six-membered ring; further GC-MS analysis identified two closely running 
compounds of identical mass, suggesting isomeric 62 as the additional product of the reaction in 
a ca. 4 to 1 ratio of 54 to 62. Attempted separation of 54 and 62 by column chromatography 
proved futile in our hands and so the mixture of isomeric products 54 and 62 was subjected to 
the tandem Strecker-intramolecular cyclisation reaction with α-aminonitrile reagent 55. 
Unfortunately, our hopes of a more efficient synthesis of enantiopure material were put to an 
end with the resulting ratio of the product mixture of the reaction determined to be 1:1:3 of 
56a, 56b, and 57 respectively by 1H NMR analysis; this was in agreement with the results of 
Grygorenko and co-workers when employing a racemic mixture of starting material 53.  
 
 
 
Scheme 38: Synthesis of 2,4-ethanoproline, 50,  via the original published route by Grygorenko and co-workers
136
 
with alterations for the attempted result of an enantiopure product 
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Further inspection of the literature revealed a published mechanistic investigation of this 
reaction,150 in which it was reasoned that chlorinated species 54 and 62 were in equilibrium 
through cyclopentanone 53, Scheme 39. The equilibrium of these species would explain the 
observed mixture of diastereomers 54 and 62.  
 
 
 
Scheme 39: Equilibration pathway towards formation of 56a, 56b and 57 via cyclopropane 53
150
 
Separation of isomers 56a, 56b, and 57 by repeated column chromatography proved ineffective 
and, due to the disappointing yields, difficult separations, and production of a diastereomeric 
mixture of compounds, this route towards 2,4-ethanoproline, 50,  was abandoned. 
The key strategic failing of the previous route was the attempted ring closure reaction in which 
nitrogen was used as a nucleophile, resulting in a reversible and unselective reaction. We 
therefore turned our attention to an alternative route to 2,4-ethanoproline, 50, also published 
by Grygorenko and co-workers, in which the cyclisation step was based on the more promising 
use of a carbon nucleophile, Scheme 40.137 This route also affords the advantage of resulting in 
an enantiomerically enriched product, with a reported ee of 74%, and, although eight steps 
longer than the original synthesis, offers a higher overall yield of 22% compared to 2%.  
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Following Grygorenko’s route, protection of (2S,4R)-hydroxyproline via methylation and 
subsequent N-Boc protection afforded 67 in excellent yield over two steps. In a modification to 
the literature route, we replaced Jones’ reagent, used by Grygorenko and co-workers for the 
oxidation of 67 to 68, with the more benign oxidising agent TEMPO, as an opportunity to 
remove a toxic and potentially hazardous reagent as well as potentially increase the reaction 
yield. Facile oxidation of 67 employing TEMPO resulted in an excellent 94% yield, a considerable 
improvement over the 66 % obtained in the published synthesis. The next step, the Horner-
Wadsworth-Emmons olefination of ketone 68, had been identified prior to commencing the 
synthesis as a potential source of the loss of enantiopurity in Grygorenko’s final product. The 
literature procedure stated that addition of the phosphonate anion to ketone 68 was performed 
at 0°C, with the mixture then being allowed to warm to room temperature. Under these 
conditions, it is possible that a small excess of strong base LHMDS could cause racemisation of 
the stereogenic centre α- to the ester. We were eager to make changes to the conditions of this 
reaction in an attempt to improve the enantiopurity of the final product. We performed this 
reaction with a higher excess of the phosphonate ester relative to LHMDS base, in an attempt to 
be sure no LHMDS was present in the reaction mixture when adding ketone 68, and at a much 
reduced temperature (-78°C), to slow the potential racemisation of 68. Horner-Wadsworth-
Emmons olefination under our altered conditions resulted in an excellent yield of a mixture of 
geometric isomers 69. Removal of the double bond by palladium on charcoal-catalysed 
hydrogenation proved facile. It was not possible, at this stage, to ascertain whether 70 was a 
mixture of diastereomers due to the presence of rotamers in the 1H NMR. While measuring the 
ee of the compound at this stage would have been of value in understanding the final product 
ee, it was decided to measure the ee at the end of the synthesis where established analytical 
conditions were available. N-Boc deprotection and accompanying hydrolysis of the side chain 
tert-butyl ester followed by in situ re-protection of the amine with a Cbz protecting group gave 
71 in a quantitative yield. Conversion of the acid to a mixed anhydride to allow in situ sodium 
borohydride reduction to alcohol 72 was the lowest-yielding step of the synthesis. This was due 
to competitive reduction of the other carbonyl of the anhydride group, which resulted in a 
return, and recovery, of starting material 71. With the exchange of protecting groups and 
removal of acid group, it became possible to observe 1H NMR peaks suggestive of a 
diastereomer of 72 present in a ca. 1:0.16 ratio. Brominated compound 73 was furnished via an 
Appel reaction. Cyclisation to form the bicyclic scaffold was initiated via KHMDS deprotonation 
of the α-position, affording 74 and proceeding in 70% yield. Acid hydrolysis removed the methyl 
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ester and N-Cbz protecting group and the final amino acid 50 was isolated following purification 
via SCX chromatography. 
 
 
Scheme 40: Alternative synthetic route to 2,4-ethanoproline, 50, 
137
 resulting in an enantiopure product 
Chiral HPLC analysis of 74 showed that, unfortunately, our altered procedure had not increased 
the overall stereoselectivity of the synthesis; an ee of 74 % was recorded, in excellent 
agreement with that of Gryogenko and co-workers and the measured diastereomeric ratio of 
72. Rather than expend time on attempting to improve the enantioselectivity of the synthesis or 
the enantiomeric purity of the amino acid, we decided to proceed with testing of 50 as a 
catalyst. There is a well-documented linear relationship between catalyst ee and product ee in 
the proline-mediated aldol reaction.63,151 Assuming this linear relationship also holds for 2,4-
ethanoproline, 50, and that the catalyst is fully dissolved,64,65 a simple linear extrapolation based 
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on the catalyst and reaction product ees would lead to a projected eemax of a theoretically 
enantiopure catalyst. 
 3,5-Ethanoproline  3.2.2
Preparation of 3,5-ethanoproline 51 commenced via an aza-Diels-Alder reaction of a chiral 
glyoxylate imine, Scheme 41.  This process has extensive literature precedent: a range of 
different phenylethylamine imines, derived from glyoxylate esters,144,145,152,153 aryl glyoxylates,152 
or glyoximides,154 have been employed as dienophiles with cyclopentadiene as the diene. All are 
reported to show excellent exo/endo selectivity, with none of the above examples lower than 
95:5 in favour of the exo isomer; facial selectivity with respect to the imine component is 
similarly high, at up to 97:3 in some cases.155 
 
 
 
Scheme 41: Aza-Diels Alder reaction as first stage in synthesis of 3,5-ethanoproline, 51  
The reaction was performed in accordance with the literature precedent employing the similar 
methyl ester dienophile, for which the exo/endo selectivity was reported as 98:2, and the 
absolute configuration of the major exo product had been assigned via x-ray crystallography.153 
The reaction of Scheme 41 proceeded in a high yield. Inspection of the alkene region of the 
crude NMR revealed characteristic peaks of two major products and one minor, assumed to be 
two diastereomeric exo products and one endo, in a ratio of 84:16:6. Column chromatography 
of the mixture allowed isolation of the two major products 75a and 75b; the minor product was 
not isolated. The configuration of both 75a and 75b was confirmed as exo via NOESY 
spectroscopy, Figure 10. The absolute configuration of the major product 75a, and thus the 
assumed configuration of 75b, was extrapolated from the previously mentioned chiroptical data 
reported by Stella and co-workers, for which 1H NMR shifts also closely matched.153 
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Figure 10: Key NOESY interactions for 75a and 75b 
Isomer 75a was subjected to high pressure hydrogenation to remove the double bond and 
amine protecting group. Hydrolysis of 76 removed the ester group and returned the 
hydrochloride salt which was converted to the free amine 51 using SCX chromatography, 
completing the synthesis of 3,5-ethanoproline, 51, Scheme 42.156 The enantiopurity of this 
compound was inferred from the use of the single diastereomer of starting material, 75a. 
 
 
 
Scheme 42: Final stages of the synthesis of 3,5-ethanoproline, 51 
 Catalyst Assessment – Validation of Computational Predictions  3.3
With samples of the chosen bicyclic proline analogues in hand, the catalytic potential of each 
was assessed in the aldol reaction between acetone and p-nitrobenzaldehyde, Table 3; this is 
the reaction investigated computationally by Sunoj and co-workers and one that has become a 
benchmark in the assessment of novel proline-based organocatalysts. 
 
66 
 
Table 3: Predicted and observed enantioselectivities of bicyclic proline analogues in the aldol reaction between 
acetone and p-nitrobenzaldehyde 
 
Entry Catalyst 
Reaction Time  
(h) 
Yield  
(%) 
Aldol product ee (%)a 
Experimental Predicted37 
11 
 
2b 68 76 (R)  75 (R) 
2c 
 
75 80 91d (S) 95 (S)  
3 
 
240 3e N/A 75 (R)  
4ii 
 
24 99 4 (S) 5 (S)  
a
ee determined by chiral HPLC; 
b
10 mol% catalyst; 
c
Monitoring of reaction by TLC showed slow 
conversion over 75 h time period; 
d
eemax=(100/eeCatalyst)*eeproduct; eecatalyst = 74 %;
 e
NMR yield. 
 
Experimentally determined selectivities for both 2,4-ethanoproline, 50, and 1,4-methano β-
proline, 52, entries 2 and 4 respectively, are in excellent agreement with the predictions made 
by Shinisha and Sunoj. The most surprising result, however, was that obtained using 3,5-
ethanoproline, 51, entry 3; which showed almost no activity despite extended reaction times. 
                                                          
ii
 This reaction was performed by Dr Matt Hughes, using a limited amount of catalyst, several months 
prior to the author commencing the PhD programme 
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The lengthy reaction times required for all three catalysts was an unexpected result, as Shinisha 
and Sunoj had predicted a lower barrier for the carbon-carbon bond forming step, thought to be 
rate limiting in this reaction. The solubility of proline, which is low in a number of organic 
solvents, can be a major limitation to reaction rate. However, all three catalysts were fully 
dissolved, as determined by visual inspection. We thought to investigate the low reaction rate of 
2,4-ethanoproline, 50, by conducting a same excess experiment as part of the RPKA 
methodology, discussed in Section 1.6.1. Two reactions, of different starting concentrations of 
acetone and p-nitrobenzaldehyde, but with same excess, were carried out in sealed NMR tubes 
of which spectra were recorded at regular intervals over a period of several weeks. A time-
adjusted graphical analysis was performed as the relatively low sample rate resulted in a poor 
signal to noise ratio after differentiation. It is clear from this analysis that SE1 has slowed 
considerably by the time the initial concentration of SE2 is reached, confirming a deactivation 
process is occurring on the catalytic cycle, Figure 11.  
 
 
 Components SE1 SE2 
[Acetone] 2.75 2.45 
[p-Nitrobenzaldehyde] 0.50 0.20 
[Catalyst] 0.10 0.10 
[Excess] 2.25 2.25 
 
Figure 11: Time-adjusted same excess experiment of the 2,4-ethanoproline, 50, mediated aldol reaction between 
acetone and p-nitrobenzaldehyde  
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That proline is involved in the formation of oxazolidinones during catalysis through 
condensation with free carbonyl donors was originally shown by List and co-workers in their 
studies on the proline-mediated aldol reaction.69 In the Houk-List model, these oxazolidinones 
are considered to be catalytically inactive and were assigned by List and co-workers as parasitic. 
Further evidence of the parasitic nature of this unproductive pathway was put forward by 
Armstrong, Blackmond and co-workers, who reported the deactivation of proline in the aldol 
reaction by irreversible decarboxylation as a consequence of the oxazolidinone pathway, 
Scheme 19 in Section 1.6.2.100 However, for 2,4-ethanoproline, 50, this decarboxylation pathway 
seemed unlikely, as it would require the formation of a bridgehead imine. Indeed, 1H NMR 
experiments gave no evidence of the formation of either the oxazolidinone or decarboxylated 
species and the cause of the lack of overlay could not be determined. 
In contrast, 1H NMR monitoring of the 3,5-ethanoproline, 51, mediated aldol reaction, which 
gave a particularly poor conversion, Table 3 entry 3, revealed a wealth of additional information. 
The reaction was observed to proceed extremely slowly by 1H NMR, reaching 3 % conversion 
over four days. Signals characteristic of both the oxazolidinone and decarboxylated off-cycle 
species were observed in the reaction mixture.100 A further reaction, in which the catalyst and 
aldehyde were combined and stirred for over 24 hours, afforded two decarboxylated species. 
Via column chromatography, diastereomer 78b was isolated as a single compound; 
diastereomer 78a was also isolated, albeit with a trace impurity of starting material observed by 
NMR. The stereochemistry of each was assigned by NOESY spectroscopy, Scheme 43.  
 
 
 
Scheme 43: Isolated species, showing key NOESY interactions, formed via the decarboxylation of 3,5-
ethanoproline, 51,  after condensation with p-nitrobenzaldehyde 
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While Armstrong, Blackmond, and co-workers observed that addition of water to the aldol 
reaction stopped the irreversible deactivation of proline,100 we observed no change to the rate 
or yield of the 2,4-ethanoproline, 50, or 3,5-ethanoproline, 51, mediated aldol reaction upon 
addition of a similar amount of water. 
 Extension of Catalytic Scope 3.4
The excellent agreement between our experimental results and the predictions of Shinisha and 
Sunoj with regard to aldol enantioselectivity led us to question whether the enhanced selectivity 
of 2,4-ethanoproline, 50, could be exported to reactions in which proline is known to perform 
poorly in terms of enantioselectivity. We were also curious as to whether 3,5-ethanoproline, 51, 
would exhibit catalytic behaviour in reactions other than the intermolecular aldol reaction.  
We therefore decided to investigate the catalytic ability of both 2,4- and 3,5-ethanoproline, 51,  
in a number of alternative reactions previously mediated by proline. With such low predicted, 
and experimentally verified, selectivity in the aldol reaction, we thought there to be little 
synthetic interest in expanding the catalytic scope of 1,4-methano β-proline, 52, and so further 
investigations were not carried out using this catalyst. 
 2,4-Ethanoproline  3.4.1
We first attempted to extend the scope of 2,4-ethanoproline, 50, in the aldol reaction, Table 4. 
In a cross-aldol reaction between acetone and a sterically hindered aliphatic aldehyde, entry 1, 
an example in which proline was poorly selective and sluggish to react, use of 2,4-
ethanoproline, 50, led to quantitative return of starting materials after a ten day reaction 
period. Use of hydroxyacetone as the ketone donor, entry 2, led to a marked decline in 
enantioselectivity when compared to proline; however, the diastereoselectivity of the reaction 
remained largely unchanged. High selectivity, but low reactivity, was observed in the 
intramolecular aldol (HPESW reaction), entry 3. Overall, in each of the aldol reaction tested, 2,4-
ethanoproline, 50, displayed lower activity than proline. 
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Table 4: 2,4-ethanoproline, 50, mediated aldol reactions 
 
Entry Product 
Proline  2,4-Ethanoproline  
Reaction 
Time (h) 
Yield 
(%) 
ee 
(%) 
dr 
(syn:anti) 
Reaction 
Time (h) 
Yielda 
(%) 
eemax
b,c 
(%) 
drd 
(syn:anti) 
1 
 
72 22157 36 N/A 240 N/Re N/R N/R 
2 
 
72 83151 80f 1:1 76 22 6f 3:2 
3 
 
120-168 65158 91 N/A 240 4 76 N/A 
a
Isolated yields; 
b
ee determined by chiral HPLC analysis; 
c
eemax=(100/eeCatalyst)*eeproduct; eecatalyst = 74 %; 
d
dr 
determined by NMR analysis; 
e
N/R means no reaction; 
f
ee quoted for the anti diastereomer 
 
The ability of 2,4-ethanoproline, 50, to promote the conjugate addition of various carbonyl 
donors to β-nitrostyrene was also studied, Table 5. Again, the reactivity displayed was poor 
when compared to proline, with only moderate yields returned after extended reaction times. 
Enantio- and diastereoselectivities were also poor, yet are comparable to proline, for aliphatic 
carbonyl donors, entries 1 and 2. Use of cyclohexanone, entry 3, resulted in an almost complete 
loss of diastereoselectivity relative to proline, although the enantiomeric excess of the syn-
diastereomer was improved. 
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Table 5: 2,4-ethanoproline, 50, mediated conjugate addition reactions 
 
Entry Product 
Proline  2,4-Ethanoproline  
Reaction 
Time (h) 
Yield 
(%) 
ee 
(%) 
dr 
(syn:anti) 
Reaction 
Time (h) 
Yielda 
(%) 
eemax
b,c 
(%) 
drd 
(syn:anti) 
1 
 
2-24 9724 7 N/A 96 42 9 N/A 
2 
 
2-24 8524 10e 3:1 76 47 11e 1:1 
3 
 
2-24 9424 23e >20:1 76 40 50e 2:1 
a
Isolated yields; 
b
ee determined by chiral HPLC analysis;
 c
eemax=(100/eeCatalyst)*eeproduct; eecatalyst = 74 %; 
d
dr determined by NMR analysis; 
e
ee quoted for the syn diastereomer 
 
The three-component Mannich reaction between p-nitrobenzaldehyde, p-anisaldehyde and 
hydroxyacetone-mediated by proline was extremely high yielding and selective. Catalysis by 2,4-
ethanoproline, 50, however required an extended reaction time and was entirely unselective, 
with a dr of 1:0.8, with each diastereomer proving to be racemic, Table 6. A control experiment 
was performed to check the potential reversibility of the reaction by mixing a diastereomerically 
pure sample of 85 with an equimolar amount of 2,4-ethanoproline, 50. However, after several 
days, no epimerisation had taken place. 
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Table 6: 2,4-ethanoproline, 50, mediated Mannich reaction 
 
Entry Product 
Proline 2,4-Ethanoproline 
Reaction 
Time (h) 
Yield 
(%) 
ee (%) 
dr 
(syn:anti) 
Reaction 
Time (h) 
Yielda 
(%) 
eemax
b,c 
(%) 
drd 
(syn:anti) 
125 
 
24 92 > 99e 20:1 240 46 0 1:0.8 
a
Isolated yields; 
b
ee determined by chiral HPLC analysis;
 c
eemax=(100/eeCatalyst)*eeproduct; eecatalyst = 74 
%;
d 
dr determined by NMR analysis; 
e
ee quoted for the anti diastereomer 
 
 3,5-Ethanoproline  3.4.2
For the case of 3,5-ethanoproline, 51, which had shown very limited activity in the aldol 
reaction, we sought to investigate the potential scope of the catalyst and search for systems in 
which it might exhibit an enhanced performance. The detection and isolation of the deactivated 
form of 3,5-ethanoproline, 51, Scheme 43, suggested that the catalyst had little problem in 
condensing with carbonyl donors, and that the lack of activity in the aldol reaction therefore 
likely comes at a subsequent stage on, or off, the catalytic cycle. Indeed, the next step of the 
proline-mediated catalytic cycle, stereogenic carbon-carbon bond forming addition of the 
enamine to the aldehyde, is the rate determining step of the cycle.103 We reasoned that the 
activity of the catalyst could be improved by either replacing the aromatic aldehyde with an 
aliphatic one, so reducing the possibility of the catalyst becoming irreversibly deactivated, or by 
changing to a more reactive electrophile such that carbon-electrophile bond formation would 
compete more effectively with catalyst decarboxylation.  
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We first turned our attention to the α-amination reaction between propanal and the highly 
reactive electrophile diethyl azodicarboxylate (DEAD), for which Armstrong, Blackmond, and co-
workers have shown that enamine formation between proline and the studied aldehyde is rate 
determining.108 On a practical note, the reaction product was cyclised to oxazolidinone 86, for 
which the ee aws measured, as the aldehyde product, 40, has been reported to be prone to 
racemisation.20 To our delight, the α-amination reaction proceeded successfully, with product 
selectivity comparable to that of proline,iii Table 7, but with a much diminished reaction rate.  
 
Table 7: The 3,5-ethanoproline, 51, mediated α-amination reaction 
 
Entry Product 
Proline 3,5-Ethanoproline 
Reaction 
Time (h) 
Yield 
(%) 
ee 
(%) 
Reaction 
Time (h) 
Yielda 
(%) 
eeb 
(%) 
120 
 
2 82 92 24 39 89 
    a
NMR yield; 
b
ee determined by chiral GC of the derivatised product oxazolidinone 
 
We chose next to examine 3,5-ethanoproline, 51,  as a catalyst in the intramolecular aldol 
reaction, the HPESW. Evidence presented by Meyer, Houk and co-workers using the Singleton 
NMR method for revealing kinetic isotope effects, suggests that the rate determining step of the 
                                                          
iii
 The amination reaction product is prone to rapid racemisation upon standing. While proline reaches its 
ee of 92 % in two hours, 3,5-ethanoproline was performed overnight. Partial racemisation of the product 
when-mediated by 3,5-ethanoproline can, therefore, not be ruled out and the ee may have been higher 
than that of proline. 
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intramolecular aldol reaction differs from that of the intermolecular aldol reaction.159 We were 
pleased to find that the HPESW reaction did proceed, although with characteristic low activity of 
the bicyclic catalyst in comparison to proline, Table 8.iv A particularly surprising result, however, 
was the total lack of selectivity when employing 3,5-ethanoproline, 51. 
 
Table 8: The 3,5-ethanoproline, 51, mediated HPESW reaction 
 
Entry Product 
Proline 3,5-Ethanoproline 
Reaction 
Time (h) 
Yield 
(%) 
ee 
(%) 
Reaction 
Time (h) 
Yielda 
(%) 
eeb 
(%) 
1 
 
120-168 65158 91 240 20 0 
a
Isolated yield; 
b
ee determined by chiral HPLC analysis. 
 
The poor selectivity of the constrained proline analogues, in all but the single aldol reaction for 
which calculations were originally performed, exposes the specificity involved in rational 
catalyst design. We were particularly drawn to the case of the 3,5-ethanoproline, 51, mediated 
HPESW reaction, Table 8, for which no selectivity was observed. This incongruous result is in 
contrast to proline as well as 2,4-ethanoproline, 50, the catalytic selectivity for which is in line 
with the intermolecular aldol reaction. We decided to conduct a computational study on the 
                                                          
iv
 A sample of aryl-substituted triketone 87 was generously donated by Matt Hughes. 
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system using DFT calculations. In the next section, an investigation and comparison of the 
transition states of the 3,5-ethanoproline, 51, and proline-catalysed HPESW reaction is 
conducted in order to gain further insights into the underlying cause of loss of selectivity.  
 Computational Investigation of the 3,5-Ethanoproline-mediated 3.5
HPESW Reaction 
Our calculations began with the construction of a simplified reaction system. The p-
methoxyphenyl group present at the quaternary centre of triketone 81, used in our 
experimental results, was replaced by a methyl group; allowing for a reduction of calculation 
time as well as facilitating a more direct comparison between our computational results and 
those in the literature. Geometry optimisations were performed at the well-established 
B3LYP160,161 level of theory using the 6-31G(d)162-164 basis set. Single-point energies were then 
computed at the same level of theory using the more flexible 6-311+G(2df,p) basis set. Inclusion 
of solvent effects was conducted using the continuous polarisable continuum model (CPCM) in 
DMSO for geometry optimisation, frequency calculation, and single-point energy 
calculations.165,166 The optimised geometries of the syn and anti transition structures reported 
by Houk and co-workers for the HPESW reaction-mediated by proline were altered to include 
the extra carbon bridge of 3,5-ethanoproline, 51, and were then resubmitted for optimisation as 
initial geometry starting points.36 All transition states were characterised by frequency analysis 
and selected exemplar IRC calculations. All energies shown are relative to the most stable, syn, 
conformation of the starting material enamine, the geometry optimisation, frequency, and 
single-point energy calculations for which were conducted at the appropriate functional and 
basis set. 
 Proline-mediated HPESW  3.5.1
The original calculations reported by Houk and co-workers did not include solvent effects.67 We 
decided to reoptimise the reported structures with the inclusion of solvent, in order to create a 
more realistic model, and to investigate the importance of these effects in this system, Table 9. 
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Table 9: Computed activation barriers for the proline-mediated HPESW reaction. ΔE
‡
 values refer to relative 
activation energies between the transition state and optimised reactant at the B3LYP/6-311G+(2df,p)//B3LYP/6-
31G(d) level; values in brackets refer to ΔH298
‡
 values. The CPCM solvation model with DMSO as solvent was 
employed 
  
Anti ΔE‡ 
(kcal mol-1) 
Syn ΔE‡ 
(kcal mol-1) 
eea  
(%) 
Gas Phase36 10.5 (7.3) 12.7 (10.8) 95 
DMSO 9.2 (5.3) 10.9 (7.9) 88 
a
Calculated from ΔΔE
‡
 value 
The 2.2 kcal mol-1 gas-phase preference for the anti-transition state, as reported by Houk and 
co-workers, was successfully reproduced. The computations revealed that the inclusion of 
solvent stabilises both structures. While the anti transition state was still the lower in energy, 
there was an apparent greater degree of stabilisation for the syn structure, thus lowering the 
relative energies between the two transition states and reducing agreement with the 
experimentally determined enantioselectivity.  
Differences in structural features can account for this change in relative energy, Figure 12. It can 
be immediately observed that both structures experience an almost equal decrease in enamine 
planarity, to χN ANTI = 6° and χN SYN = -18° from non-solvated values of χN ANTI = 0° and χN SYN = -13°. 
There appears to be no change in the linearity of the key transfer of the carboxyl proton to the 
alkoxide, although the distance between the forming alkoxide and the proton has increased 
somewhat. NCHᵟ+∙∙∙Oᵟ- distances to the forming alkoxide have increased, to 2.58 Å and 3.51 Å 
from non-solvated values of 2.4 Å and 3.4 Å, lowering the strengths of these interactions. 
Finally, the length of the forming carbon-carbon bond has increased in both transition states by 
almost 0.15 Å, indicative of an earlier transition state and consistent with a less selective 
reaction.  
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<OHO 165° 
θ1 (<acd) -20° 
θ2 (<bce) 3° 
θ3 (<bcd) 177° 
θ4 (<ace) 166° 
χN (θ2- θ3+π) 6° 
 
 
 
ANTI (S,S) 
ΔE‡ = 9.2 kcal mol-1 
 
 
<OHO 170° 
θ1 (<acd) 32° 
θ2 (<bce) -1° 
θ3 (<bcd) -162° 
θ4 (<ace) -167° 
χN (θ2- θ3+π) -18° 
 
 
 
SYN (R,R) 
ΔE‡ = 10.9 kcal mol-1  
Figure 12: Anti and syn transition structures for proline-mediated HPESW reaction. ΔE
‡
 values refer to relative 
activation energies between the transition state and optimised reactant at the CPCM(DMSO)/B3LYP/6-
311+G(2df,p)//B3LYP/6-31G(d) level. The tables show the dihedral angles relevant to the measure of enamine 
planarity  
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 3,5-Ethanoproline-mediated HPESW  3.5.2
The effect of constraining the pyrrolidine ring in a [2.2.1] bicyclic system was next assessed. 
Results obtained in the gas phase show a drastic reduction of selectivity in comparison to the 
parent proline system, Table 10. Inclusion of solvent effects reduces the selectivity further to 
25% ee. This computational result is qualitatively consistent with the lack of enantioselectivity 
observed experimentally (0% ee). 
Table 10: Computed activation barriers for the 3,5-ethanoproline, 51, mediated HPESW reaction. ΔE
‡
 values refer 
to relative activation energies between the transition state and optimised reactant at the B3LYP/6-
311G+(2df,p)//B3LYP/6-31G(d) level, values in brackets refer to ΔH298
‡
 values. The CPCM solvation model with 
DMSO as solvent was employed 
  
Anti ΔE‡ 
(kcal mol-1) 
Syn ΔE‡ 
(kcal mol-1) 
eea  
(%) 
Gas Phase 12.9 (8.6) 13.8 (10.4) 66 
DMSO 10.3 (6.6) 10.6 (7.8) 25 
a
Calculated from ΔΔE
‡
 value 
Analysis of the solvated anti and syn structures, Figure 13, revealed a good geometry for proton 
transfer in both cases, <OHOanti = 167° and <OHOsyn = 171°, with the linearity of the three atoms 
engaged in the transfer marginally increased in comparison to the parent proline system. The 
length of the forming carbon-carbon bonds, 2.01 Å and 2.04 Å, are almost identical to those 
calculated for the proline system with the inclusion of solvent, indicating the transition states 
are no earlier.  
In contrast to the proline system, the enamines of both transition states are substantially less 
planar, χN ANTI = 13° and χN SYN = -21°. Both transition states may enjoy further stabilisation due to 
potential interactions between C4H and the forming alkoxide, CHᵟ+∙∙∙Oᵟ- = 3.2Å and 3.6Å. 
However, NCHᵟ+∙∙∙Oᵟ- distances have increased, to 3.02 Å and 3.73 Å, resulting in a weaker 
stabilising force. Interestingly, enamine distortion and weakening of NCHᵟ+∙∙∙Oᵟ- interactions 
affects the anti transition state to a greater degree than the syn. 
The 5-membered pyrrolidine ring of the 3,5-ethanoproline, 51, system is held in the C4-endo 
conformation, in which the C4 group is pointing in the same direction as the exocyclic acid 
group, by the two carbon bridge. This is close but not identical to the ideal C3-exo conformation 
observed for the proline system in Houk and co-workers’ calculations, in which C3 of the 
pyrrolidine ring forms the flap of the envelope and is pointing away from the exocyclic acid 
group, Figure 14.  
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<OHO 167° 
θ1 (<acd) -26° 
θ2 (<bce) 3° 
θ3 (<bcd) 171° 
θ4 (<ace) 166° 
χN (θ2- θ3+π) 13° 
 
 
ANTI (S,S) 
ΔE‡ = 10.3 kcal mol-1  
 
<OHO 171° 
θ1 (<acd) 32° 
θ2 (<bce) -4° 
θ3 (<bcd) -163° 
θ4 (<ace) -169° 
χN (θ2- θ3+π) -21° 
 
 
SYN (R,R) 
ΔE‡ = 10.6 kcal mol-1  
 
Figure 13: Anti and syn transisition structure for 3,5-ethanoproline, 51, mediated HPESW reaction. ΔE
‡
 values refer 
to relative activation energies between the transition state and optimised reactant at the CPCM/B3LYP/6-
311+G(2df,p)//B3LYP/6-31G(d) level in DMSO. The tables show the dihedral angles relevant to the measure of 
enamine planarity  
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Figure 14: Conformation of the pyrrolidine ring in proline and 3,5-ethanoproline, 51, systems referred to as C3-exo 
and C4-endo respectively 
As the 3,5-ethanoproline, 51, system cannot pucker or change from the C4-endo conformation, 
the planarity of the enamine must deviate from an ideal geometry to accommodate the key 
proton transfer of the Houk-List model. This difference in conformation also affects the weak, 
but important, NCHᵟ+∙∙∙Oᵟ- interaction involved in stabilising the alkoxide group of the transition 
states. A novel non-covalent interaction (NCI) descriptor based on the reduced electron density 
gradient and developed by Johnson and co-workers and Contreras-Garcia and co-workers,167,168 
allows for visualisation of NCIs to be overlaid on a chosen structure in real-space. This visual 
representation allows for the rapid qualitative identification of the presence and strength of 
either attractive or repulsive interactions. At either end of the spectrum, blue is attractive (on 
the order of a hydrogen bond) while red is repulsive (a strong steric clash); green is the colour of 
mild attractive interactions (a van der Waals attraction), while yellow shows mild repulsion (a 
weak steric clash). 
Visualisation of the NCIs of the anti and syn transition states for the proline and 3,5-
ethanoproline, 51, systems reveals some interesting observations, Figure 15. As part of our 
interest in the exploration of the evolution of citable open data, Section 5.5.1, and the changes 
to the display of informational content that this brings, an interactive version of this figure can 
be found on the internet, allowing the user to rotate and inspect the NCI surfaces at will.V Only 
the anti structures show any surfaces corresponding to previously discussed NCHᵟ+∙∙∙Oᵟ- 
interactions, suggesting these play no role in stabilising the syn transition states. The strongest 
NCI, denoted as the only area of light blue, arrow 1, is a coulombic interaction between the 
nitrogen and alkoxide. Although this is an interaction not previously reported by Houk and co-
workers, the adjacent yellow repulsive zones will, to some extent, cancel out the overall 
attractive force.  
Comparing the NCIs of the syn transition states of the 3,5-ethanoproline, 51, and proline 
catalytic systems reveals few differences; the NCI surfaces are essentially identical. However, a 
                                                          
V
 Many thanks to Professor Henry Rzepa and the team at Figshare for their enthusiasm and aid in 
constructing this interactive figure 
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comparison of the anti transition states reveals a number of differences. There is a marked 
reduction in the size of the NCHᵟ+∙∙∙Oᵟ- interaction for 3,5-ethanoproline, 51, arrows 2 and 3, and 
a number of new, mildly attractive, interactions have emerged between C4H and the developing 
alkoxide and carboxylic acid group, arrow 4.  
The above DFT study allows us to draw several conclusions. Constraining proline by a 3,5 two 
carbon bridge results in a loss of selectivity as a catalyst in the HPESW reaction due to a 
combination of the increased distortion of the forming iminium nitrogen as well as change in 
the nature of NCIs present in the system. Interestingly, introduction of these structural 
constraints has a greater impact on the anti, rather than the syn transition state, and it is the 
preferential destabilisation of the anti, rather than stabilisation of the syn, transition state which 
is the cause of the reduction in selectivity. 
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 PROLINE – ANTI (S,S) 
ΔE‡ = 9.2 kcal mol-1 
 
3,5-ETHANOPROLINE – ANTI (S,S) 
ΔE‡ = 10.3 kcal mol-1 
 
PROLINE – SYN (R,R) 
ΔE‡ = 10.9 kcal mol-1  
 
3,5-ETHANOPROLINE - SYN (R,R) 
ΔE‡ = 10.6 kcal mol-1 
Figure 15: NCI surfaces for the proline and 3,5-ethanoproline, 51, catalysed HPESW reactions. ΔE
‡
 values refer to 
relative activation energies between the transition state and optimised reactant at the CPCM(DMSO)/B3LYP/6-
31G(d) level of theory. The colour spectrum ranges from blue (strongly attractive) to green (weekly attractive) to 
yellow (mildly repulsive) to red (strongly repulsive). An interactive verison of this figure may be found on the 
internet at http://dx.doi.org/10.6084/m9.figshare.770933   
4 
2 
1 
3 
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 Investigation of Functional and Basis Set 3.5.3
In their exhaustive review of quantum mechanical investigations in organocatalysis, Houk and 
co-workers noted that the majority of the studies in this area used the B3LYP functional and 6-
31G(d) basis set, noting this as a standard in quantum computational chemistry.93 The B3LYP 
functional is almost 20 years old at the time of writing,160,161 and DFT has undergone a series of 
continuous improvements in that time. There is emerging criticism of B3LYP in the literature; 
particularly over its inadequate handling of 1,3-alkyl-alkyl interactions as well as nonbonding 
and long-range interactions in geometry optimisation calculations.169 A number of newer DFT 
functionals have been presented in the literature, for which attempts have been made to 
address some of these issues. Attempts have also been made to benchmark the performance of 
DFT functionals, B3LYP included.169-174 However, the metrics employed have come under 
criticism, not least for their inapplicability to ‘real-world’ chemistry.170,173 The results of 
benchmarking studies are varied and it appears that the applicability of each functional must 
still be determined on a case-by-case basis. 
As a matter of interest, and to probe the adequacy of the computational method employed in 
the present study, we thought to use this opportunity to further explore the continued 
applicability of B3LYP in an example of ‘real world-chemistry’. Specifically, we chose to examine 
and compare the performance of the M062X and ωB97XD functionals, two modern DFT 
functionals for which specific considerations of empirical atom-atom dispersion corrections 
have been taken into account. 
The M062X functional is a variation of the M06 functional suite of Truhlar and Zhao published in 
2008.175 It has been shown to perform well for highly substituted systems and those involving 
underlying π to δ bond transformations,170 and has been recognised as a clear step forward by 
Houk and co-workers.173 ωB97XD, developed by Chai and Head-Gordon in 2008,176 is another 
promising new functional which includes empirical dispersion and long range corrections. In 
extensive benchmarking of a large number of available DFT methods, Grimme and co-workers 
confirmed the overall accuracy of both the M062X and ωB97XD functionals in a number of 
systems, noting in particular that B3LYP performed worse than the average of all the tested 
hybrid-level functionals.174  
The effect of a change of basis sets, 6-31G(d) and 6-311G(d,p), on the optimisation procedure 
was also investigated. All calculations were performed in the gas phase and were then 
resubmitted for inclusion of solvent effects using the CPCM solvation model. Optimised 
B3LYP/6-31G(d) geometries for each catalytic system were used as starting points and were 
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resubmitted for geometry optimisation and single-point energy calculations using the 
appropriate functional and basis set, with and without the inclusion of solvent effects. Single-
point energies were then calculated using the appropriate functional with the 6-311+G(2df,p) 
basis set, with and without the inclusion of solvent effects as appropriate, for all optimised 
structures, in order that only changes to the optimisation procedure would result in observable 
differences in energy. 
Comparing the resulting selectivities of the computational methods investigated, Table 11, we 
observe that change in basis set has no effect on reaction selectivity for the proline system, and 
makes only a slight difference for the 3,5-ethanoproline, 51, system. In addition, the M062X and 
ωB97XD functionals return close to identical results. In both catalytic systems, the two 
functionals drastically overestimate the energy difference between the anti and syn transition 
states and the predicted selectivities of the systems are far from accurate. Inclusion of solvent 
effects lowers the absolute energies of these structures, as well as the relative energy 
differences, but the selectivity predicted is still too high for both proline and 3,5-ethanoproline, 
51, mediated systems in comparison to experimental results. CPCM/B3LYP/6-31G(d), despite 
being the simplest and lowest resolution method examined, returns the most accurate result. 
See Appendix B for further details and absolute energy values. 
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Table 11: Comparison of computational methods for the HPESW reaction-mediated by proline and 3,5-
ethanoproline, 51. ΔΔE
‡
 values refer to relative energies between transition states, values in brackets refer to 
ΔΔH298
‡
 values. The CPCM solvation model with DMSO as solvent was employed. All energies were calculated using 
the appropriate functional and the larger 6-311+G(2df,p) basis set 
Functional Basis Set Solvent 
Proline 3,5-Ethanoproline 
Anti ΔΔE‡ 
(kcal mol-1) 
Syn ΔΔE‡ 
(kcal mol-1) 
eea  
(%) 
Anti ΔΔE‡ 
(kcal mol-1) 
Syn ΔΔE‡ 
(kcal mol-1) 
eea  
(%) 
Experimental 95 0 
B3LYP 
6-31G(d) 
N 0.00 (0.00) 2.49 (3.42) 97 0.00 (0.00) 0.93 (1.80) 66 
Y 0.00 (0.00) 1.64 (2.56) 88 0.00 (0.00) 0.30 (1.17) 25 
6-311G(d,p) 
N 0.00 (0.00) 2.51 (3.08) 97 0.00 (0.00) 1.00 (1.45) 69 
Y 0.00 (0.00) 1.71 (2.27) 89 0.00 (0.00) 0.43 (0.85) 35 
ωB97XD 
6-31G(d) 
N 0.00 (0.00) 4.53 (4.94) 100 0.00 (0.00) 0.43 (2.93) 97 
Y 0.00 (0.00) 3.47 (4.05) 99 0.00 (0.00) 2.50 (2.14) 88 
6-311G(d,p) 
N 0.00 (0.00) 4.52 (4.90) 100 0.00 (0.00) 1.62 (3.06) 97 
Y 0.00 (0.00) 3.51 (3.71) 99 0.00 (0.00) 2.51 (1.99) 89 
M062X 
6-31G(d) 
N 0.00 (0.00) 4.53 (5.09) 100 0.00 (0.00) 1.69 (3.30) 97 
Y 0.00 (0.00) 3.45 (4.11) 99 0.00 (0.00) 2.54 (2.00) 85 
6-311G(d,p) 
N 0.00 (0.00) 4.54 (4.91) 100 0.00 (0.00) 1.48 (2.91) 97 
Y 0.00(0.00) 3.50 (3.93) 99 0.00 (0.00) 2.58 (2.33) 87 
a
Calculated from ΔΔE
‡
 value 
Comparison of the structures of transition states for each functional and basis set reveal almost 
no differences, certainly none of a significant magnitude to explain the increase in relative 
energies when employing the ωB97XD and M062X functionals. An investigation was carried out 
in which the structures were optimised employing one functional and then resubmitted for 
single-point energy calculation at another: meaning that B3LYP optimised structures were 
submitted for ωB97XD single-point energy calculations and so on, Table 12. When considering 
stereoselectivities derived from single-point energies with any given functional (i.e. looking 
down a column of Table 12), the calculated ee does not vary significantly with the optimisation 
method, suggesting that the optimised structures are similar for all functionals. However, the 
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single-point energies for B3LYP clearly differ from those of either ωB97XD or M062X. See 
Appendix B for details of the relative energies of each structure involved. 
 
Table 12: Comparison of the abilities of optimisation and single-point energy calculations for each functional 
studied. Geometry optimisations were performed with the 6-31G(d) basis set and single-point energy calculations 
at the 6-311+G(2df,p) basis set. All calculations included solvent using the CPCM solvation model with DMSO 
ee (%) 
Single-point Energy 
Functional 
B3LYP ωB97XD M062X 
Optimisation 
Functional 
B3LYP 25 90 84 
ωB97XD 27 88 84 
M062X 23 88 85 
 
The overestimation of the relative stability of the anti over the syn transition state by ωB97XD 
and M062X is unexpected, especially as these functionals are recommended for the study of 
systems in which non-covalent interactions play an important role.177 This could be due to the 
overestimation of the importance of dispersion corrections for both functionals. Such an effect 
was observed by Tzeli and co-workers in their theoretical investigation of the complexation of 
crown ethers.178 The researchers determined that a large basis set was required by the M062X 
functional to accurately account for the weak interactions which it was designed to incorporate 
and that the small 6-31G(d,p) basis set resulted in an overestimation of the energy values. The 
use of an appropriately larger basis set proved prohibitively expensive for the crown ether 
systems under study and the researchers found that the use of the relatively basic B3LYP/6-
31G(d,p) resulted in the most accurate and timely results. Unfortunately, the basis sets 
recommended by Tzeli and co-workers, 6-311++G(2df,2p), proved to be extremely 
computationally expensive and an extensive study of basis sets is beyond the scope of this 
work.VI That B3LYP is still relevant, particularly in calculations involving transition states as it the 
case in this work, is a result further supported by Simón and Goodman; who found B3LYP to 
perform exceptionally well in comparison to newer and computationally more expensive 
methods.171 
 
                                                          
VI
Geometry optimisation at the M062X/6-311++G(2df,2p) method for the anti transition state was still 
incomplete after one week on the high-performance cluster at Imperial College London 
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 Concluding Remarks 3.6
In this chapter, experimental verification of the computationally predicted behaviour of three 
bicyclic proline analogues was undertaken. The catalytic scope of two of these catalysts was 
expanded and explored. A further computational investigation into the surprising lack of 
selectivity of one of these catalysts in the HPESW reaction was undertaken alongside a brief 
exploration of the use of modern DFT functionals. 
The excellent agreement established between the computational predictions of Sharma and 
Sunoj and the experimental results of a benchmark aldol reaction demonstrates the potential of 
rational catalyst design and lends further credence to the Houk-List model as a methodology to 
undertake such design. However, the observation of catalyst deactivation and a lack of overlay 
in same excess experiments is a reminder of the importance of experimental verification of 
computational results and the need to consider more than one step in a catalytic reaction when 
assessing overall performance. 
Expansion of the catalytic scope of two catalysts, and their poor behaviour in all but the reaction 
they were designed for, reveals the extreme specificity of catalyst design. A computational 
investigation of the HPESW reaction offers further insight into the root of the poor behaviour in 
comparison to the parent proline system, suggesting the cause is due to a decrease in stability 
of the anti transition state. The unanticipated poor performance of two modern dispersion 
correct functionals in these transition state calculations highlights the difficulties of modern DFT 
studies, as well as the importance of experimental results in verifying computational findings. In 
addition, this work highlights the continued importance and accuracy of the B3LYP functional. 
Further work could extend this project in a number of directions. A new synthetic route towards 
2,4-ethanoproline, 50, could be developed to afford simpler and more stereoselective access to 
this molecule and framework. Alternatively, a method of resolution to improve the ee of the 
current batch of catalyst could be established. An intriguing investigation could begin with the 
transformation of the acid group of either bicyclic analogue studied to a diphenyl silyl ether 
moiety. Such an undertaking could yield insights into how structural constraints affect 
stereoinduction in catalysts lacking a directing group. The current computational study could be 
expanded to explore the lack of selectivity of the 2,4-ethanoproline, 50, mediated Mannich 
reaction or could be further refined to take into account more advanced concepts such as basis 
set superposition error.  
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4 The Diarylprolinol Silyl Ether Mediated α-Selenation Reaction 
 Organocatalysts Lacking a Directing Group: Beyond the Houk-List 4.1
Model for Stereoinduction 
As catalysts, diarylprolinol silyl ethers overcome many of the limitations of proline and generally 
surpass it in terms of reactivity, selectivity, scope, etc. The 5-membered pyrrolidine ring scaffold 
of proline remains but, unlike proline, these catalysts lack a hydrogen bond donor directing 
group, a moiety centrally involved in the Houk-List model to account for stereoinduction. 
Without this group, the Houk-List model cannot hold and so a new model must be outlined. 
The most widely accepted model for stereoinduction by secondary amine organocatalysts 
lacking a directing proton is via steric effects. Complementary to the Houk-List model, Scheme 
44 model 88,63,66,68-70 it is suggested that bulky substituents α- to the pyrrolidine nitrogen 
entirely block one face of the s-trans enamine, forcing approach of the electrophile to the 
opposite face only, Scheme 44 model 89.112,113  
 
 
 
Scheme 44: Transition state models for the stereogenic bond forming step in enamine catalysis involving either a 
directing proton or sterically bulky groups 
Model 89 is based largely upon its prediction of the correct absolute configuration of the 
products of α-functionalisation reactions, which is opposite to that obtained using proline 
despite both proline and diphenylprolinol having the same S configuration of the α-exocyclic 
group. Crucially, this model implies that this stereogenic carbon-carbon bond formation is 
irreversible and directly determines the product configuration. 
Jørgensen has offered computational evidence in an attempt to support model 89. As part of his 
work on the α-fluorination reaction, DFT optimised structures of the enamine formed between 
(3,5-bistrifluoromethyl)phenyl prolinol silyl and isovaleraldehyde were found, at the B3LYP/6-
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31G(d) level of theory in the gas phase. These energy minimised structures showed the 3,5-
bistrifluoromethyl groups of the catalyst effectively shielding the Re-face of the enamine, thus 
implying that attack of the electrophile occurs only on the Si-face.45  
In a later addition to this work, Jørgensen conducted a study on the transition states of the 
same α-fluorination reaction.111 Comparison of the relative energies of the transition states of 
the attack of various enamine rotamers on the novel fluorinating agent N-
fluorodibenzenesulfonimide, suggested that the two product enantiomers originated from 
approach of the electrophile to the Si face of differing anti/syn enamines, rather than from 
approach of the electrophile to opposing Re- or Si-faces of a single enamine conformer, Figure 
16. Similar transition state computational studies on the conjugate addition reaction by Zhao 
and Gan report findings in the same vein for this separate reaction class.179 
 
 
 
Figure 16: Product configuration resulting from approach of the electrophile to the Si face only of differing anti/syn 
diphenylprolinol silyl ether enamines,
111
 where X=Y is a generic electrophile 
 Mechanistic Studies: the Expansion of Curtin-Hammett Kinetics 4.1.1
Despite the synthetic and computational interest outlined above, diarylprolinol silyl ether-
mediated systems escaped experimental mechanistic study, and so validation of any proposed 
mechanism, until Armstrong, Blackmond, and co-workers’ investigation of the conjugate 
addition reaction of linear aldehydes to nitro-olefins in 2011, Scheme 45.133 
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Scheme 45: Diphenylprolinol silyl ether-mediated conjugate addition of linear aldehydes to nitro-olefins
133
 
An initial kinetic study via reaction calorimetry revealed an unusual kinetic profile for the 
reaction, Figure 17.  
 
 
 
Figure 17: Kinetic profile of the diphenylprolinol silyl ether mediated conjugate addition reaction (figure 
reproduced from reference for clarity)
133
 
The profile begins with an initial spike in rate, which was found to correspond closely to one 
turnover of the catalytic cycle and suggested an initial rapid build-up to a steady-state catalyst 
resting state. This initial spike is then followed by a much slower but rising rate, similar to 
behaviour observed by Armstrong, Blackmond, and co-workers in the proline-mediated α-
amination and α-aminoxylation reactions (see Section 1.6.3).108  
Use of the different excess protocol of the RPKA methodology allowed Armstrong, Blackmond, 
and co-workers to determine that the reaction was accelerated by protic additives and the 
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reaction product, again in analogy to the proline-mediated α-amination and aminoxylation 
reactions, and that the intrinsic kinetics displayed zero-order dependencies on both substrates. 
Fitting these kinetic data to the generally accepted model of enamine catalysis, Section 1.4.2 
Scheme 12, would suggest the rate determining step to be hydrolysis of the product iminium 
ion. However, addition of water to the reaction was found to not meaningfully alter the reaction 
rate, ruling out the possibility that iminium hydrolysis was the rate determining step, and that 
the generally accepted model of enamine catalysis could predict the catalytic behaviour of 
diphenylprolinol silyl ether in the conjugate addition reaction. 
The researchers performed an in-depth analysis of the reaction mechanism, involving detailed 
NMR studies, kinetic isotope effects, cross-over experiments, and kinetic modelling.133,180 
Combining the findings of this research allowed Armstrong, Blackmond, and co-workers to 
propose a new reaction mechanism with a high degree of confidence. Although a mechanism 
was proposed in the original work,133 the final catalytic cycle went through a further two 
iterations and refinements, due to further experimental evidence,180 as well as incorrect NMR 
assignment of intermediate 94,181 prior to settling on that shown in Scheme 46.180  
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Scheme 46: Armstrong, Blackmond, and co-workers’ proposed catalytic cycle of the diphenylprolinol silyl ether-
mediated conjugate addition reaction,
133,180,181
 where RDS is the rate determining step and the red box indicates 
the resting state of the reaction 
In this mechanism, Scheme 46, the reaction quickly builds up a large, steady state concentration 
of the catalyst resting state, cyclobutane 93, observed as the major species present by 1H NMR. 
Reversible formation of minor species 94 is then followed by the first irreversible step in the 
catalytic cycle to produce enamine 95. Hydrolysis of enamine 95 follows, to give the product and 
free catalyst. All species shown in the cycle were observed experimentally by NMR. 
Perhaps the most interesting consequence of this mechanistic proposal, due to the occurrence 
of the rate determining step after formation of the stereogenic carbon-carbon bond, is the 
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implication for control of product enantioselectivity. If stereoselectivity were to be induced via a 
steric blocking model, as in model 89 of Scheme 44, product selectivity would be determined by 
kinetic factors only; the ratio of rate constants, kS and kR, for the irreversible stereogenic bond 
forming reaction between enamine 91 and electrophile 92, Scheme 47.  
 
 
 
   
        
        
  
  
  
 
 
Scheme 47: Potential reaction pathway of the diphenylprolinol silyl ether mediated conjugate addition reaction as 
described by the widely accepted model of stereoinduction via a sterically bulky blocking group; where RDS is the 
rate determining step and the red box indicates the resting state of the reaction 
However, a fundamental consequence of the observation of zero order kinetics in both 
substrates is that the first irreversible step in this reaction must come after attack of enamine 91 
on nitro-olefin 92, as depicted in Scheme 46. In this scenario, all the steps and intermediates 
preceding the first irreversible step of the catalytic cycle are in rapid equilibrium, on both mirror 
networks, Scheme 48. As a consequence of this rapid equilibrium, none of the species prior to 
the first irreversible step in the catalytic cycle, are kinetically meaningful. Such a scenario, 
viewed outside of the context of a catalytic reaction, is described by the Curtin-Hammett 
principle. So, by definition, product enantioselectivity will depend on both the relative rates of 
the first irreversible steps in the catalytic cycle, as well as the relative equilibrium constants for 
all equilibrated diastereomeric intermediates prior to the first irreversible step.  
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Scheme 48: Reaction pathway of the diphenylprolinol silyl ether mediated conjugate addition reaction as described 
by the new scenario proposed by Armstrong, Blackmond, and co-workers; where RDS is the rate determining step 
and the red box indicates the resting state of the reaction 
In this scenario, product enantioselectivity has become a complex function of kinetic and 
thermodynamic factors. As the authors note, this is not a new paradigm but it is the first time a 
Curtin-Hammett context has been applied to organocatalysis.  
Consequently, product selectivity can be induced at a number of points on the catalytic cycle. 
The final product selectivity could depend on the difference in thermodynamic stability between 
93 and 93’, or any combination of diastereomeric intermediates downstream from the 
stereogenic carbon-carbon bond forming step, rather than just on the kinetic factor of 
differences in energies of two transition states occurring prior to the division of the cycle to two 
mirror image networks. Indeed, based on the stability of downstream intermediates alone, a 
highly selective reaction could result even if attack on the electrophile was completely 
unselective. In fact, it is the case of the diphenylprolinol silyl ether mediated conjugate addition 
reaction that the determining factor in product selectivity is the thermodynamic stability of 93 
over 93’. 
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The concept of this model, Curtin-Hammett kinetics, in relation to organocatalysis was 
developed further by Armstrong, Blackmond, and co-workers in their examination of the 
diphenylprolinol silyl ether-catalysed α-chlorination reaction. Halland and Jørgensen had 
attempted mechanistic studies on this reaction using 2,5-diphenylpyrrolidine, 97 Scheme 49, as 
a catalyst.182  
 
 
 
Scheme 49: Mechanism proposed by Jørgensen and co-workers for the 2,5-diphenylpyrrolidine-mediated α-
chlorination reaction involving a [1,3]-sigmatropic shift 
Based on computational calculations, Halland and Jørgensen proposed a mechanism in which 
the reaction proceeded via an initial N-chlorination, to form 99, followed by a [1,3]-sigmatropic 
shift of the chlorine to the enamine carbon, 100, and then hydrolysis of 100 to form the 
product, Scheme 49. However, attempts at experimental investigation of the catalytic cycle, and 
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so verification of the computational predictions, appeared inconclusive, other than to suggest 
the absence of a non-linear effect. 
Upon studying this reaction with a number of catalysts and chlorine sources, Scheme 50, 
Armstrong, Blackmond, and co-workers found an almost identical kinetic profile as compared to 
the diphenylprolinol silyl ether mediated conjugate addition reaction, involving a brief initial 
rate spike followed by a zero order region until completion, suggesting analogous mechanistic 
behaviour between the two reactions. Upon commencing variable temperature NMR 
experiments, none of the structures proposed by Halland and Jørgensen were observed. Rather, 
compound 103 was observed as the major species. 
 
 
 
Scheme 50: Outline of the diarylprolinol silyl ether-mediated α-chlorination reaction studied Armstrong, 
Blackmond, and co-workers
180
 
Two diastereomers of 103 were observed, syn-103 and anti-103, which EXSY NMR experiments 
showed to be in equilibrium. Interestingly, the ratio of the two observable diastereomers of 103 
corresponded almost exactly to the enantiomeric ratio of the product for the range of catalysts, 
16a, 16b and 97, and chlorine electrophiles, 101 and 102, studied. This relationship strongly 
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implied 103 was directly involved in the catalyst turnover as the resting state of the cycle, by 
analogy to cyclobutane 93, leading the authors to propose a further Curtin-Hammett style 
mechanism for the α-chlorination reaction, Scheme 51. 
 
 
Scheme 51: Proposed mechanism of the diphenylprolinol silyl ether-mediated α-chlorination reaction invoking 
Curtin-Hammett kinetics;
180
 where RDS is the rate determining step and the red box indicates the resting state of 
the reaction 
As in the diphenylprolinol silyl ether mediated conjugate addition reaction, the catalyst resting 
state occurs after the stereogenic carbon-chlorine bond forming step and product 
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enantioselectivity is again a function of kinetic and thermodynamic factors as described in 
Scheme 48. The close correlation between product enantiomeric ratio and relative in situ 
detected ratio of syn-103 and anti-103 suggests that the rate of elimination of the leaving group 
for both diastereomers is equal. Therefore, product selectivity in this reaction depends on the 
relative stabilities of syn-103 and anti-103, much like the case of the diphenylprolinol silyl ether 
mediated conjugate addition reaction. 
The elucidation of, and convincing evidence towards, the labelled Curtin-Hammett kinetic model 
is clearly an important milestone in mechanistic investigation into organocatalytic reactions. The 
implications, in terms of altering or improving selectivity in the catalytic cycle, differ greatly 
from the standard model in which only kinetic terms affect selectivity. Future research should, 
rather than investigation of the transition states of the stereogenic bond forming step alone, 
give equal consideration to the relative stabilities of downstream intermediates and any factors 
that could affect or influence their reactivity. 
 Generality of the Curtin-Hammett Model in Organocatalysis 4.2
The observation of Curtin-Hammett kinetics in two diphenylprolinol silyl ether mediated 
reactions was of interest to us. We wondered whether the proposed mechanism could be 
generalised and extended to other α-functionalisation reactions. Expertise in a related 
diphenylprolinol silyl ether-mediated α-functionalisation reaction already existed within our 
group; the starting point of a previously published methodology towards the synthesis of vinyl 
glycine derivatives beginning with the synthesis of allylic selenides via organocatalytic α-
selenation of various aldehydes using the selenating agent N-(phenylseleno)phthalimide (NPSP), 
Scheme 52.183  
 
  
Scheme 52: Armstrong Group methodology towards the synthesis of vinyl glycine derivatives
183
 
We therefore chose to begin our examinations with the α-selenation reaction. As an extension 
of the work begun by Armstrong, Blackmond, and co-workers, we were interested to assess 
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whether this reaction was also operating under a Curtin-Hammett kinetic scenario, similar to 
that of the conjugate addition and α-chlorination reactions outlined above. 
 Investigation of the Organocatalysed α-Selenation Reaction 4.3
 Optimisation of Reaction Conditions 4.3.1
NPSP, 109, was first reported as a readily available and stable source of electrophilic selenium 
by Nicolaou in 1979, synthesised via the reaction of potassium phthalimide, 107, and 
phenylselenyl chloride, 108, Scheme 53.184 
  
 
 
Scheme 53: Synthesis of selenating agent NPSP
184
 
Although NPSP is commercially available, the purity of the purchased compound, assessed by 1H 
NMR, was found to be hugely variable between batches and was universally poor; being as low 
as 50% by mass in some cases. In-house synthesis of NPSP via Nicolaou’s method was found to 
be a less expensive and a more reliable procedure.VII The yield of NPSP was found to be highly 
dependent on the quality of the mixing achieved in stirring the reaction slurry, the rate limiting 
step of the reaction presumably being the mass transfer of potassium phthalimide, which is 
poorly soluble in hexane. 
The major impurities in both the commercially purchased and in-house synthesised samples 
were identified as decomposition products of NPSP, phthalimide, 110, and diphenyldiselenide, 
111, and unreacted starting material phenylselenyl chloride, 108.  
 
                                                          
VII
 Providing a yield of greater than 70 % was achieved 
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Scheme 54: NPSP and associated degradation products and impurities 
In our hands, purification by Nicolaou’s method of recrystallisation from dichloromethane/ether 
proved fruitless and, in some cases, actually lowered the purity of the material. Alternative 
methods of purification were investigated. Column chromatography was ruled out as NPSP 
immediately decomposes on contact with silica or alumina. Various alternative solvent systems 
for recrystallisation were also investigated, with no improvement on that reported by Nicolaou. 
Finally, it was discovered that trituration of NPSP with dry ethanol allowed for removal of the 
impurities and recovery of the NPSP in high yield and very high purity, >95 % in most batches. 
Initial attempts at the α-selenation reaction were made using propanal as the aldehyde donor. 
However, 1H NMR analysis of the crude reaction product revealed the presence of a portion of 
di-selenated product even at low conversion of propanal. The presence of such a side reaction 
could affect the reaction in two ways: by disrupting the measurement of the kinetic profile of 
the reaction or by altering product ee in an unforeseen manner. For instance, Jørgensen showed 
in the diarylprolinol silyl ether-mediated α-fluorination reaction that one enantiomer of the 
mono-fluorinated reaction product is di-fluorinated faster than the other, resulting in an ee of 
the monosubstituted product which varies with conversion.45 A brief screen of alternative 
aldehydes was conducted and it was found that the use of isovaleraldehyde returned only 
mono-selenated product, and so this aldehyde was chosen for further study. This is possibly due 
to the difference in steric bulk of the methyl group of propanal compared to the isobutyl group 
of isovaleraldehyde. While the catalyst does not condense with mono-selenated 
isovaleraldehyde185 a reduction in steric bulk could allow this condensation to take place and so 
the mono-selenated aldehyde to re-enter the catalytic cycle and be di-selenated. 
 A Definitive Kinetic Profile 4.3.2
The model reaction α-selenation reaction chosen for study was that between isovaleraldehyde 
and NPSP, 109, mediated by diphenylprolinol silyl ether, 16a, Scheme 55. 
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Scheme 55: Diphenylprolinol silyl ether mediated α-selenation reaction between isovaleraldehyde and NPSP, 
model reaction to be used in this thesis 
To begin our initial investigation, we chose to examine the kinetic profile of the reaction. While 
a detailed NMR study may be preferable in the long run, our first objective was to quickly 
determine, in the simplest manner, whether the α-selenation reaction showed any of the 
characteristics of the Curtin-Hammett model observed in the α-chlorination and conjugate 
addition reactions.133,180 The profile displayed by these reactions is distinctive and can act as a 
‘kinetic fingerprint’; allowing for rapid and straightforward screening of further reactions. 
It is valuable to stress, again, the need for an in situ monitoring technique. As discussed in 
Section 1.6.1.1, any change in kinetic behaviour could be missed if only analysis via an off-line 
technique were employed. Indeed, we were even more aware of this fact due to the extremely 
short lived nature of the initial spike in reaction rate observed in the α-chlorination and 
conjugate addition reactions. 
We chose to use reaction calorimetry to monitor the α-selenation reaction. Measurements were 
performed using an Omnical Insight differential scanning calorimeter, the setup of which allows 
the simultaneous measurement of up to ten reactions, each in a separate septum-sealed vessel. 
All reactions performed in parallel were set up from common stock solutions. Isovaleraldehyde 
was distilled immediately prior to use, a critically important step as the reaction is incredibly 
sensitive to even trace impurities of the corresponding acid derived from the aldehyde. 
Separate solutions of appropriate amounts of NPSP, isovaleraldehyde, acetic acid, and catalyst 
were prepared. Volumes of the solutions of NPSP, isovaleraldehyde, and acetic acid were mixed 
in a vial and allowed to thermally equilibrate in the calorimeter at 20°C for an hour. A further 
volume of catalyst solution was drawn into a syringe and was allowed to equilibrate in the 
calorimeter for an equal amount of time prior to injection. The reaction was initiated only when 
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the contents of this syringe was injected into the vial in the calorimeter. The volume of the 
catalyst solution was made intentionally small, 0.1 ml thermally equilibrated injection into at 
least 7.9 ml of solution, so that the heat of mixing would essentially remain negligible. However, 
the heat of mixing was recorded, by measuring the heat evolved from the injection of 0.1 ml 
neat solvent into a test reaction mixture, and removed from all calculations. We were pleased to 
observe that the kinetic profile of the α-selenation reaction closely resembled those of both the 
α-chlorination and conjugate addition reactions, Figure 18. 
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Figure 18: Kinetic profile of the diphenylprolinol-mediated, 16a, α-selenation reaction in dichloromethane 
monitored via calorimetry 
As in the work by Armstrong, Blackmond, and co-workers, an initial spike in reaction rate was 
followed by a region of zero-order kinetics until completion. Such behaviour implies a rapid, 
initial catalyst turnover leading to the cycle resting state which contains the catalyst and both 
starting materials. An additional feature of this reaction was observed in a second, smaller, spike 
at 7 minutes in Figure 18, after which the reaction rate appears to be at an increased absolute 
value. This is most likely due to the by-product of the reaction, phthalimide, precipitating out of 
solution once the solution becomes saturated. The initial crystallisation event causes the spike 
in heat, due to the associated heat of precipitation, and because an increased amount of work is 
required by the magnetic stirrer to agitate the solution due to the presence of particulate solids. 
The absolute heat signature measured by the calorimeter was therefore higher than prior to the 
precipitation. This can be observed as a further discontinuity when plotting conversion versus 
time, in which the reaction appears to step-change to a faster constant rate. This highlights one 
of the limitations of calorimetry as a monitoring technique, in that any and all processes that 
either release, or absorb, heat or work into or from a system are recorded and cannot be 
separated. 
While this issue does not detract from the validity of the results, we did attempt to resolve this 
concern in order to corroborate the results and also obtain a ‘cleaner’ profile. Our first thought 
was to search for a solvent in which phthalimide was soluble throughout the course of the 
reaction. Phthalimide is, however, poorly soluble in a wide range of organic solvents, as can be 
seen from the results of a solubility study, Table 13. 
 
Table 13: Measured thermodynamic solubility of phthalimide in a range of organic solvents at room temperature 
Solvent mg ml-1 mmol ml-1 
DMSO 368.3 2.51 
Dioxane 53.4 0.36 
THF 43.3 0.29 
Ethyl Acetate 10 0.07 
Acetonitrile 9.5 0.06 
Chloroform 5.7 0.04 
Dichloromethane 5.4 0.04 
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Further studies were performed in the calorimeter using DMSO, dioxane and THF. 
Unfortunately, the rate of reaction was so low in dioxane and THF that the heat of reaction was 
below the threshold of detection of the calorimeter and so the profile could not be recorded 
beyond the initial spike in rate. In addition, diphenyldiselenide was detected upon completion of 
the reaction in both solvents, indicating the likely breakdown of a significant amount of the 
NPSP starting material. No α-selenation reaction was observed in DMSO due to immediate 
decomposition of the NPSP in that solvent. 
Evidently, a change in solvent would not yield the desired result. Instead, we decided to monitor 
the reaction via in situ IR, as used in Section 2 for study of the proline-mediated conjugate 
addition reaction. The principles behind this measurement technique are orthogonal to 
calorimetry and should, therefore, not be affected by the appearance of solids in the reaction 
mixture; providing agitation of the reaction solution is sufficiently high to ensure any solids 
present remain in suspension. Examination of the spectra of all components in the reaction 
mixture allowed identification of a number of peaks changing with time as the reaction 
progressed. However, only a single peak, that of NPSP at 1279 cm-1, fulfilled the criteria with 
which the reaction could be monitored: that it corresponded to either a starting material or the 
product, and that it was discrete and so not overlapping with other peaks that were changing. 
The discrete peak observed at 1279 cm-1 is rather weak. Additionally, in dichloromethane, the 
peak sits partially on the shoulder of a large solvent peak, thus increasing the signal-to-noise 
ratio. This required a large number of spectra to be sampled (ca. 128) to afford a signal-to-noise 
ratio that was sufficiently low. The need for such a large number of spectra per data point of 
kinetic analysis allowed a minimum sampling interval of only once every two minutes, much 
longer than the standard sampling interval of two to six seconds available in the calorimeter. 
Sampling with in situ IR therefore required the reaction to be run at a reduced rate, and so at 
diluted conditions compared to those of Figure 18. In addition, the setup of the ReactIR 
employed required a minimum volume of 20 ml, and so dilution of the reaction was also 
worthwhile for conserving the quantity of NPSP starting material required. 
The resulting graph of conversion vs. time provided an extremely clear kinetic profile with two 
distinct regions, Figure 19; a short-lived yet higher rate, region a, followed by a slower zero-
order region, region b, until reaction completion, region c. Pleasingly, this profile lacks the 
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apparent rate spike relating to the crystallisation of phthalimide, observed by calorimetry, and 
matches those of the α-chlorination and conjugate addition reactions well. 
 
 
Component Concentration (M) 
[NPSP] 0.05 
[Isoval] 0.25 
[Catalyst] 0.005 
Solvent CH2Cl2 
 
Figure 19: Kinetic profile of the diphenylprolinol-mediated α-selenation reaction in dichloromethane monitored via 
in situ infrared spectroscopy 
An important point is that the use of the calorimeter and the data retrieved is still valid, allowing 
the technique to successfully provide a qualitative picture of the reaction kinetic profile. 
Practically, the calorimeter was far simpler to set up and use than the ReactIR, due to the ability 
to run double the number of simultaneous reactions, as well as the much lower minimum 
volume required and the associated savings in materials that this entailed. 
 Reaction Progress Kinetic Analysis – A Useful Tool? 4.3.3
It is interesting at this point to place this reaction in the context of the RPKA methodology, 
outlined in Section 1.6.1 and employed in Section 2 during our work on the proline-mediated 
conjugate addition reaction. As discussed, the methodology allows the catalytic cycle to be 
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probed for issues of stability and then the global rate equation of the reaction to be determined 
in a straightforward manner; we would typically apply RPKA as first port of call when using 
kinetics to examine a catalytic system. However, in a case such as this one there is no need to 
follow this methodology and, in fact, all the information required to perform this analysis can be 
gathered from just one reaction. 
The same excess protocol allows the user to examine whether the catalytic cycle is operating 
under steady state conditions. Some commonly observed issues for a system to not to be at 
steady state are either acceleration of the rate by the reaction product, or deceleration due to 
catalyst inhibition, as in the case of the proline-mediated conjugate addition reaction. After the 
initial rate spike of the α-selenation reaction, we observed a completely flat region of zero-order 
kinetics. The fact that this region does not deviate from linearity demonstrates that neither 
product acceleration nor catalyst inhibition are taking place, as the former would cause the rate 
to increase and the latter for it to decrease. The α-selenation reaction is, therefore, operating 
under steady state conditions.  
The next step in the RPKA methodology is the different excess protocol, in which the roles of the 
reactants are probed in order to determine their orders. Again, however, as the reaction rate 
after the initial spike does not change from linearity, we know that the order in both reagents 
must be zero. This does not detract from the utility of the RPKA methodology, but rather acts as 
a lesson towards the use of common sense when interpreting kinetic data. 
 The Role of Acidic Additives 4.3.4
Additives can frequently alter reactivity in organocatalytic reactions.100,107,109,110 Specifically, in 
the α-selenation literature, Tiecco and co-workers screened trifluoroacetic acid, para- and 
ortho-nitrobenzoic acid, trichloroacetic acid and dichloroacetic acid with a MacMillan 
imidazolidinone and (3,5-bistrifluoromethyl)phenyl prolinol silyl ether, 16b, finding each acid to 
qualitatively accelerate the rate.48 Additionally, and in an important parallel, acidic additives 
were shown by Armstrong, Blackmond, and co-workers to play a central role in the 
diphenylprolinol-mediated conjugate addition reaction.133 We thought the behaviour of acidic 
additives in the α-selenation reaction an important matter to study.  
Acetic acid was added to the reaction in increasing quantities relative to the catalyst, Figure 20. 
While acid was clearly observed to increase the rate of the reaction, no effect was observed on 
the form of kinetic profile which, although it clearly changes, retains the same three regime 
profile. Importantly, product ee remained unaffected by addition of acid, confirmed via 
measurement of final product ees.  
107 
 
 
 
Component Concentration (M) 
[NPSP] 0.10 
[Isoval] 0.30 
[Catalyst] 0.01 
Solvent CH2Cl2 
 
Figure 20: Effect of acetic acid, mol % relative to catalyst loading, on the diphenylprolinol-mediated, 16a, α-
selenation of isovaleraldehyde with NPSP 
 Investigation of Factors Affecting Product ee  4.4
The kinetic profiles observed so far of the α-selenation reaction were highly indicative of a 
resting state which incorporates the catalyst and both starting materials operating, analogous to 
the behaviour of the diphenylprolinol silyl ether-mediated conjugate addition and α-chlorination 
reactions. We were keen to conduct further investigations to find more definitive evidence, as 
well as probing the mechanistic implications of this discovery in terms of the link between 
product selectivity and factors that may affect relative stabilities of downstream diastereomeric 
intermediates. 
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Our interest was piqued by a result from Sundén and co-workers in which the predominant 
product enantiomer of the α-selenation of isovaleraldehyde with NPSP mediated by 
diphenylprolinol silyl ether reversed on a change in solvent; in this case, a change from 40% (S) 
in chloroform to 30% (R) in acetonitrile.49 We decided to explore these findings and conducted a 
wider solvent screen of the diphenylprolinol silyl ether-mediated α-selenation reaction. 
This switch in enantioselectivity is not mentioned again in any of the literature surrounding the 
organocatalysed α-selenation reaction; neither, to the best of our knowledge, is the 
dependence of product ee on solvent observed for any other organocatalysed α-
functionalisation reaction to such a high degree. There is, perhaps, an obvious reason this 
finding has neither been further explored nor independently reported again in the literature. 
The work of Sundén and co-workers is unusual, in comparison to the majority of literature on 
the α-selenation reaction, because of the choice of diphenylprolinol silyl ether as catalyst. 
Throughout the literature (3,5-bistrifluoromethyl)phenyl prolinol silyl ether, 16b, generally 
proves to be a more selective catalyst than diphenylprolinol silyl ether. This is true, for instance, 
for all the reactions outlined in Scheme 10 in Section 1.3.1. With the optimisation of product ee 
a major objective of most research, an initial perfunctory screen of catalysts will usually lead to 
diphenylprolinol silyl ether being discarded in favour of (3,5-bistrifluoromethyl)phenyl prolinol 
silyl ether before an optimisation of reaction solvents is performed. In this manner, it is possible 
that the selectivity-reversing behaviour of diphenylprolinol silyl ether went unnoticed. 
 Reaction Solvent Screen  4.4.1
An important practical point is that the aldehyde product 112 is prone to racemisation, with 
attempts at isolation resulting in a degradation in enantiopurity.48 The aldehyde is typically 
reduced to the alcohol 113 prior to analysis, Scheme 56. After reduction with sodium 
borohydride, the resulting primary alcohol can be purified by column chromatography without 
further loss of ee. 
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Scheme 56: Workup procedure following the α-selenation reaction 
 
Typically, in sampling the reaction for HPLC analysis, a small aliquot of the reaction mixture, ca. 
0.1 ml, was taken and quenched immediately in a borohydride/methanol solution. This was left 
stirring for 30 minutes before being quenched with brine and extracted into ethyl acetate. The 
organic layer was then extracted, dried over MgSO4, filtered, and subjected to analysis. Product 
ee was then measured without purification; this procedure was validated by comparison of the 
ee of an un-purified sample of alcohol 113 with one which had been purified via flash column 
chromatography. Samples were taken from an agitated solution; any solids were, therefore 
sampled also and were solubilised during the work up procedure. The reaction products, both 
aldehyde 112 and alcohol 113, were found to be soluble in all organic solvents utilised.  
To be sure no enrichment or degradation of enantioselectivity was taking place during the 
reaction, product ee was measured over the course of the reaction. The reaction was performed 
in dichloromethane in the calorimeter and samples were taken for HPLC analysis every 5 
minutes, Figure 21. Sampling early in the reaction, when the catalytic cycle may not have 
reached steady state, can result in an ee unrepresentative of the ultimate reaction selectivity. 
Therefore, sampling was not begun until the beginning of the zero-order region. This analysis 
clearly showed that the product ee was stable over the course of the reaction and beyond.  
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Components Concentration (M) 
[NPSP] 0.10 
[Isoval] 0.30 
[Acetic Acid] 0.01 
[Catalyst] 0.01 
Solvent CH2Cl2 
eea 39% (R) 
 a
ee of the alcohol product 
Figure 21: Product ee as a function of conversion in the diphenylprolinol silyl ether mediated α-selenation reaction 
The absolute configuration of the α-selenation product-mediated by diphenylprolinol silyl ether 
in dichloromethane was determined to be R. In the literature, the predominant absolute 
configuration is S. Already, this result intrigued us. We had replicated the apparent ee reversal 
observed by Sundén and co-workers but in a different solvent. An extended solvent screen was, 
therefore, conducted using diphenylprolinol silyl ether as catalyst, Table 14.  
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Table 14: Solvent screen of the diphenylprolinol silyl ether-mediated α-selenation reaction 
 
Solvent 
Dielectric 
Constant 
ee (%)a Yield (%)b 
Hexane 1.8 97 (S) 100 
Toluene 2.4 93 (S) 96 
THF 7.6 25 (R) 99 
Dichloromethane 9.1 39 (R) 91 
Acetonitrile 37.5 43 (R) 63 
a
ee of the alcohol product; 
b
NMR yield of aldehyde 
 
To our delight, the solvent screen returned a large variation in product ee across a number of 
solvents. Although uncommon, this effect is not unprecedented in organocatalytic systems; for 
example, when studying the synthesis of pyrroloindolines via imidazolidinone catalysis, 
MacMillan and co-workers observed a variation in enantioinduction as a function of reaction 
solvent loosely correlated to solvent dielectric constant, Scheme 57.186 It was proposed that this 
reaction mechanism involved an iminium-enamine cascade sequence, with the stereogenic 
bond forming step occurring via addition of the tryptamine derivative to the iminium ion formed 
between the catalyst and carbonyl donor. 
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Solvent 
Dielectric 
Constant 
[α]D ee (%) 
Toluene 2.4 (-) 54 
CHCl3 4.8 (-) 45 
1,2-Dimethoxyethane 5.0 (+) 60 
Dichloromethane 9.1 (+) 70 
Acetone 20.2 (+) 60 
Methanol 32.6 (+) 77 
 
Scheme 57: MacMillan and co-workers imidazolidinone mediated enantioselective synthesis of pyrroloindolines by 
a cascade addition-cyclization, in which product ee is shown to be a function of solvent dielectric solvent
186
 
A similar correlation can be seen in our results; the use of low dielectric constant solvents such 
as toluene and hexane resulted in the S enantiomer as the predominant product, while 
medium-to-high dielectric constant solvents returned the R-stereoisomer as the predominant 
enantiomer, albeit with a lesser degree of selectivity. 
To ensure that a change in solvent was not causing a change in the reaction mechanism, we 
performed and compared a kinetic study of the reaction in dichloromethane and toluene, as 
examples of solvents resulting in opposite senses of selectivity, Figure 22. Conditions for the two 
reactions differ slightly in that the solubility of NPSP was drastically lower in toluene than in 
dichloromethane. As such, the reaction in toluene was run at a much lower concentration to 
avoid the presence of solid NPSP in the reaction mixture. It was found that, despite the change 
in solvent, the reactions exhibit identical kinetic profiles, suggesting the same kinetic regime was 
operating in each. 
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Component Concentration (M) Concentration (M) 
[NPSP] 0.10 0.025 
[Isoval] 0.30 0.225 
[Acetic Acid] 0.01 0.025 
[Catalyst] 0.01 0.005 
Solvent Dichloromethane Toluene 
eea 39% (R) 93% (S) 
     a
ee of the alcohol product 
Figure 22: Comparison of the kinetic profiles of the diphenylprolinol silyl ether-mediated α-selenation reaction in 
dichloromethane and toluene 
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 Variation of Catalyst Structure 4.4.2
We chose next to examine the effects of structural modification of the catalyst on product 
selectivity. There are a number of diarylprolinol silyl ethers to be found in the literature, varying 
in both the choice of hydroxyl protecting group and functionalisation of the aryl rings. We chose 
to examine the effect of functionalisation of the aryl rings. 
As discussed previously, (3,5-bistrifluoromethyl)phenyl prolinol silyl ether, 16b, is perhaps the 
most commonly employed diarylprolinol catalyst in the α-functionalisation literature, its use 
typically giving higher product enantioselectivities but lower reactivities when compared to 
diphenylprolinol silyl ether alone. We wondered whether the electronic properties of the aryl 
rings were the cause of the difference in selectivity. We postulated that if addition of electron 
withdrawing groups to the aryl rings increased the selectivity for one product enantiomer, 
relative to the ‘electron neutral’ substituted phenyl rings case, then addition of electron 
donating groups could perhaps favour formation of the opposite product enantiomer. 
We chose three catalysts with varying functionality on the aryl rings to test this hypothesis, 
Scheme 58. With the already examined diphenylprolinol silyl ether 16a as an ‘electron neutral’ 
case, (3,5-bistrifluoromethyl)phenyl prolinol silyl ether, 16b,VIII and bis(4-methoxyphenyl) 
prolinol silyl ether, 16c, are simple examples of aryl rings functionalised with electron 
withdrawing and electron donating groups respectively. 
 
 
 
Scheme 58: Diarylprolinol silyl ether catalysts chosen for study of substitution and electronic properties of the aryl 
rings 
Bis(4-methoxyphenyl) prolinol silyl ether 16c is a known compound but, comparatively, has not 
received much use. It has, however, been employed in the enantioselective Michael addition of 
malonates to α,β-unsaturated aldehydes,187 as well as in the Hayashi sequential reaction 
                                                          
VIII
 A sample of catalyst 16b was synthesised and generously donated by D. P. Emmerson. 
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towards stereoisomerically pure, highly functionalised polysubstituted cyclohexanes; the key 
stereodetermining reaction in which the organocatalyst is involved in is the Michael addition of 
an α-alkoxy aldehyde to a nitroalkene.188 Bis(4-methoxyphenyl) prolinol silyl ether 16c was 
synthesised following a modified sequence, described by Kanth and Periasamy,189 in four steps. 
Firstly, the amine and carboxylic acid moieties of proline were protected via reaction with ethyl 
chloroformate to afford 1-ethyl methyl (S)-pyrrolidine-1,2-dicarboxylate 114. This was 
converted to oxazolone 115, via Grignard addition of 4-methoxyphenyl magnesium bromide, 
which was subsequently ring opened and deprotected in situ to yield the unprotected prolinol 
15c. A final step provided the silyl ether protected catalyst 16c, Scheme 59. The diarylprolinol 
silyl ethers were soluble in all solvents tested, according to visual inspection, and were 
employed as the free amines. 
 
 
Scheme 59: Synthesis of diarylprolinol silyl ether 16c  
 
All three diarylprolinol silyl ether catalysts were screened in a number of solvents, Table 15. 
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Table 15: Solvent screen of the α-selenation of isovaleraldehyde with NPSP mediated by diaryl prolinol variants 
16a, 16b and 16c  
Solvent 
Dielectric  
Constant 
16a 16b 16c 
Yield (%)a ee (%)b Yield (%)a ee (%)b Yield (%)a ee (%)b 
Hexane 1.8 100 97 (S) 80 99 (S) 75 95 (S) 
Toluene 2.4 96 93 (S) 27 99 (S) 95 85 (S) 
THF 7.6 99 25 (R) 80 99 (S) N/A N/A 
Dichloromethane 9.1 91 39 (R) 43 40 (S) 90 35 (R) 
Acetonitrile 37.5 63 43 (R) 7 51 (S) 45 50 (R) 
      a
NMR yield; 
b
ee of the alcohol product. 
Clearly, modification of the structure of the catalyst plays an important role in the reaction 
selectivity. Surprisingly, 16a and 16c return largely identical results, in terms of selectivity, and 
relationship with solvent dielectric constant. However, the major product for 16b in each 
solvent is the S product, although a correlation still exists between increasing dielectric constant 
and increasing proportion of R product. 
To ensure the same kinetic regime was operating for each catalyst, the kinetic profile for each 
was recorded in calorimeter, Figure 23.  
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Component Concentration (M) 
[NPSP] 0.10 
[Isoval] 0.30 
[Acetic Acid] 0.01 
[Catalyst] 0.01 
Solvent CH2Cl2 
 
Figure 23: Kinetic profiles of the α-selenation reaction-mediated by diarylprolinol silyl ether variants 16a, 16b and 
16c  
As expected, based on the literature precedent of its behaviour in other α-functionalisation 
reactions, the activity of 16b was lower than that of 16a and 16c. The rate was so low, in fact, 
that the heat of reaction was below the threshold of measurement of the calorimeter; off-line 
monitoring by NMR was required to complete the monitoring of the reaction and show that the 
time taken to reach completion was just over 2 hours. While 16c did result in a faster rate than 
16a the difference was, unexpectedly, much less than that between 16a and 16b. Clearly, 
however, 16a and 16c are operating under the same kinetic regime, while 16b was assumed to 
do so at a much reduced rate. 
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 The Potential of O-Unprotected Prolinols as Catalysts 4.4.3
One potential explanation for this difference in ee is the involvement of the O-unprotected 
diaryl prolinol as a catalyst, which could react to preferentially give product of opposite 
selectivity to the O-protected diarylprolinol silyl ethers. The rate of catalyst de-silylation may be 
solvent-dependent. The difference in selectivity between catalysts 16a, 16b and 16c may also be 
explained, if each were to undergo desilylation at different rates.  
It is known that diarylprolinol silyl ethers are not indefinitely stable; left on the bench, 
diphenylprolinol silyl ether slowly undergoes deprotection to the O-unprotected prolinol.IX It is 
also known that diarylprolinol silyl ethers undergo desilylation in solution to give O-unprotected 
prolinols and a number of silyl products. Gschwind and co-workers attempted to measure the 
rate of this degradation and found the rate to be extremely slow, on the order of 0.0003% h-1 in 
deuterated chloroform.190 
While this desilylation in solvent alone occurs on a time scale far greater than that of the α-
selenation reaction, we thought to probe for possible interactions between the three 
diarylprolinol silyl ethers so far employed and reaction components phthalimide and NPSP, to 
investigate whether these additional compounds could increase the rate of deprotection. 
Diarylprolinol silyl ethers 16a, 16b, and 16c were mixed separately with equimolar amounts of 
phthalimide and a known amount of an internal standard (dibenzyl ether) in deuterated 
chloroform to assess the level of degradation, if any, by 1H NMR. Comparison of the resulting 
spectra over the course of 24 hours showed no appreciable change in the concentration of any 
of the protected diarylprolinol silyl ether catalysts, therefore ruling out any side reactions 
involving the catalyst and phthalimide. 
A similar NMR monitoring experiment was conducted with each catalyst and selenating agent 
NPSP. Comparison of resulting spectra over time showed the unexpected acceleration of 
diarylprolinol silyl ether deprotection to ca. 4% h-1. However, although the disappearance of the 
characteristic silyl ether peak at -0.07 ppm was easily observable, additional starting material 
and product peaks were not clearly resolved and identification or characterisation of the 
product of the reaction was not possible. 
                                                          
IX
 This process takes place over the course of several weeks, turning the colourless catalyst solution a 
deep yellow colour. 
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We thought it prudent to also examine the behaviour of the three O-unprotected prolinols in 
the α-selenation reaction. A sample of 15a was synthesised from commercially purchased 16a 
via a simple desilylation using TBAF, Scheme 60. 
 
 
 
Scheme 60: Deprotection of diphenylprolinol silyl ether 16a to afford diphenylprolinol 15a 
A sample of catalyst 15b was synthesised and generously donated by Harry Milner. A sample of 
15c was kept from the earlier synthesis of diarylprolinol silyl ether 15c, Scheme 59. We also 
chose to investigate the behaviour of MacMillan’s imidazolidinone 2, a sample of which was 
purchased commercially, Scheme 61. 
 
 
 
Scheme 61: Additional catalysts screened in the α-selenation reaction 
The activity of each catalyst was monitored in the calorimeter to compare reactivity to their O-
protected counterparts in dichloromethane. All catalysts displayed initial heat spikes; no 
conversion was observed over the first two hours of the reaction for any catalyst and so off-line 
NMR analysis was used to monitor the reaction. After a 24 hour period, an NMR conversion and 
ee were determined, Table 16. 
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Table 16: Results of additional catalyst screen of the α-selenation of isovaleraldehyde with NPSP in 
dichloromethane  
Catalyst Reaction Time (h) Yielda (%) ee (%)b 
15a 24 95 41 (R) 
15b 24 70 7 (R) 
15c 24 25 15 (R) 
2 24 100 47 (S) 
 
a
NMR yield of aldehyde; 
b
ee of the alcohol product 
15a and 15c give the same product enantiomer as compared to their protected counterparts, 
although 15b does not. However, it is clear that the activity of the O-unprotected prolinols is far 
below that of their protected counterparts and it is highly unlikely that these compounds could 
interfere with the extremely rapid reaction-mediated by the diarylprolinol silyl ethers. 
To quickly rationalise the low activities observed, each O-unprotected diarylprolinol catalysts 
tested above was mixed with two equivalents of isovaleraldehyde and studied by in situ NMR. 
Rapid formation of a mixture of the corresponding oxazolidinone was observed in each case, 
Scheme 62, which could account for the heat spike at the start of the reaction observed by 
calorimetry. 
 
 
 
Scheme 62: Formation of stable oxazolidinone species on mixing of various O-unprotected prolinols and 
isovaleraldehyde, observed by in situ NMR 
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 Screen of Selenium Sources 4.4.4
We sought to probe the importance of the selenium source by application of a number of 
alternative sources to NPSP. Each reaction was monitored in the calorimeter and a standard set 
of conditions of diphenylprolinol silyl ether, 16a, in dichloromethane was used, Table 17. 
 
Table 17: Alternative selenium sources in the α-selenation of isovaleraldehydemediated by 16a 
 
 
Selenium Source Reaction Time (h) Yield (%)a ee (%)b 
Phenylselenyl chloride (108) 46 80 1 (S) 
Phenylselenyl chloride (108) + Phthalimide 
(110) 
46 79 2 (S) 
Diphenyl diselenide (111) 46 2 23 (S) 
 a
NMR yield of aldehyde; 
b
ee of the alcohol product 
While initial spikes in heat signals were registered on the calorimeter, corresponding to 
condensation of the catalyst and aldehyde, no further heat traces could be detected. Reactions 
were left to stir and were monitored over an extended time period via sampling and off-line 
NMR analysis. 
Phenylselenyl chloride, 108, does not appear to favour this organocatalytic system, with its use 
resulting in an extremely sluggish reaction and ultimately racemic product. Assuming a reaction 
mechanism analogous to the α-chlorination reaction, Scheme 50 and Scheme 51, in which 
succinimide plays a crucial role as a leaving group in the rate determining step, we wondered 
whether addition of phenylselenyl chloride along with phthalimide, as separate components of 
NPSP, could result in enantiopure product formation. However, no change was observed on the 
addition of an equimolar amount of phthalimide, 110, together with phenylselenyl chloride, 
108, with a sluggish reaction again resulting in essentially racemic product. As noted previously, 
Section 4.3.1, NPSP undergoes degradation to phthalimide and diphenyl diselenide and it is 
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possible that some diphenyl diselenide could be present during the reaction. We decided to 
examine whether diphenyl diselenide, 111, could independently act as a selenium source, but 
found only an extremely low yielding reaction, with only 2% yield after 46 hours, effectively 
ruling out the involvement of diphenyl diselenide in the diphenylprolinol mediated α-selenation 
reaction. 
 Computational Investigation of the Diphenylprolinol Silyl Ether 4.5
Mediated α-Selenation Reaction 
In preliminary experiments performed by our collaborators,185 in situ NMR studies of the α-
selenation reaction suggested the resting state of the catalytic cycle to be the product 
selenolenamine, Scheme 63, the hydrolysis of which is the rate determining step.X Hydrolysis of 
similar enamines has been shown to be stereospecific.84 Importantly for this reaction, these 
results suggest that a direct relationship between anti-117/E-118/S-112 and syn-117/Z-118/R-
112 exists. Furthermore, when stirring the reaction product with catalyst, product racemisation 
does not occur and the product selenoenamines are not observed, thus implying that the 
observed solvent-dependent product selectivity is not a result of off-cycle epimerisation and 
offering further evidence of the irreversible, and stereospecific, nature of the hydrolysis of the 
product selenoenamine. 
 
                                                          
X
 All NMR studies were performed by Dr Jordi Bures at the Scripps Research Institute, the results of which 
were discussed via personal communication 
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Scheme 63: Proposed catalytic cycle of the diphenylprolinol silyl ether-mediated α-selenation reaction in analogy 
to the α-chlorination reaction;
185
 where RDS is the rate determining step and the red box indicates the resting state 
of the reaction 
In these NMR studies, the ratio of product selenoenamines was shown to be solvent dependent; 
in toluene-d8, where the final product is of 93% (S), only the E-enamine, E-118, could be 
observed, while in CD2Cl2 and CD3CN (products of 39% ee (R) and 44 % ee (R) respectively) a 1:1 
mixture of E and Z product selenoenamines, E-118 and Z-118, was evident. Product formation 
follows zero order kinetics for most of the reaction in all three solvents. However, as the 
reaction approaches stoichiometric conditions, at near full conversion of the limiting reagent, 
the kinetic profile changed to one of positive order decay. Importantly, during this 
stoichiometric regime, these studies showed that the Z enamine was consumed at almost three 
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times the rate of the E enamine in CD2Cl2. These results are consistent with the difference in 
stereoselectivity in different solvents. In toluene, only the E enamine is present, resulting in a 
highly S selective reaction. In dichloromethane or acetonitrile, despite both enamines being 
present as a ca 1:1 mixture, the Z enamine Z-118 is hydrolysed faster than the E enamine E-118, 
and so the selectivity of the reaction is reversed to the R product enantiomer. Interestingly, the 
differing rate of hydrolysis of the E and Z enamines during stoichiometric conditions is evidence 
that the enamines are not in rapid equilibria. If this were to be the case, differing rates of 
consumption would not be observed during stoichiometric reaction conditions as their 
interconversion would keep their relative ratio constant, something which is not observed.  
The reaction mechanism of Scheme 63 may potentially rationalise the solvent dependency of 
product selectivity. Through invoking model 89 of Scheme 44, it can be assumed that the 
formation of iminium 116 is highly stereoselective. The system could then exhibit a kinetic 
preference for Anti-117, so E-118, so S-112. In non-polar solvents, the rate of interconversion 
between E-118 and Z-118 would be extremely low, due to the high barrier of the reverse 
reaction to form the charged iminium species 116. If a kinetic preference for Anti-117 were 
displayed, this would result in a predominantly S product. In polar solvent, the barrier to 
formation of the iminium 116 from either anti-117 or syn-117 would be lowered so resulting in a 
interconversion, although not complete equilibration, of anti-117 and syn-117. Consequently, 
polar solvents would facilitate the erosion of product enantioselectivity via the interconversion 
of the E and Z enamines via charged iminium 116, and associated loss of kinetic control, as 
opposed to an inversion of the sense of enamine addition facial selectivity. However, this is 
difficult to experimentally verify as none of the intermediates between iminium 116 and E-117 
and Z-117 have been observed and their configurations are unknown. Interestingly, due to the 
lack of rapid equilibration of the E and Z enamines, this would mean that the α-selenation 
reaction is not under Curtin-Hammett control, as in the α-chlorination and conjugate addition 
reactions, despite the extremely similar kinetic profiles. 
Clearly, study of the product selenoenamines, E- and Z-118, could offer further support of these 
results and potentially offer a rationale for the differing ratio of each enamine in different 
solvents or the difference in rate of hydrolysis of each enamine.  
While there are currently no studies of the product selenoenamine in the literature, a number 
of starting material enamines, including enamine 105 in this study, have been studied 
computationally, at the B3LYP/6-31G(d) level,45,77,111,179,191 in crystal structure analysis,79,192 and 
by NMR in solution.83 A number of important structural features and conformations of the 
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starting material enamine are discussed in each paper but there is little agreement between 
them concerning the optimal conformational preferences of the enamine. 
As such, we hoped to first conduct an in-depth computational study on the conformational 
preferences of the starting material enamine. We hoped that our results could lend, and gain, 
support from the literature outlined above which, acting as a simple test case, could then be 
extended to the product selenoenamine to provide a computational basis for a better 
understanding of the α-selenation reaction. Geometry optimisations were performed at the 
B3LYP level of theory using the 6-311G(d,p) basis set. Single-point energies were then computed 
from these optimised structures at the M062X level of theory using the more flexible 6-
311+G(2df,p) basis set. Solvent calculations were performed using the CPCM solvation 
model.193,194  
The computational studies conducted below were commenced at the same time as the 
computational work outlined above in Section 3.5. The decision to employ M062X energies was 
based on recommendations of the superior performance of this functional in the 
literature.170,173,174 This decision was taken before the role of various DFT functionals has been 
explored in Section 3.5.3, suggesting that for the HPESW system, M062X afforded less accurate 
results. However, there is an important difference in the nature of the computational studies of 
Section 3.5 and those to be described below which may validate the use of the M062X 
functional in this work. Investigation of the 3,5-ethanoproline, 51, mediated HPESW reaction 
involved computation and comparison of various transition states, whereas in this instance we 
propose to examine the relative energies of geometry optimised ground-state structures only. 
 Starting Material Enamine 4.5.1
Condensation of diphenylprolinol silyl ether with the starting material isovaleraldehyde gives 
rise to two C-N rotamers for each alkene isomer, Scheme 64. The double bond of the enamine 
can be either anti or syn to the silyl ether and, in each case, its geometry can be either E or Z. 
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Scheme 64: Alkene isomers and C-N bond rotamers of the starting material enamine formed between 
diphenylprolinol silyl ether and isovaleraldehyde 
We investigated two major structural features of the starting material enamine. The first was 
the conformation of the pyrrolidine ring; Houk and co-workers have shown this to play an 
important role in the relative stabilities of the transition states of the aldol reaction-mediated by 
proline and a number of proline derivatives.195 We chose two ring conformations as a basis for 
the study of this structural feature; C4-endo, in which the C4 group is pointing in the same 
direction as the exocyclic CPH2OTMS group and C4-exo, in which the C4 group is pointing in the 
opposite direction of the exocyclic CPH2OTMS group, Scheme 65. 
 
 
 
Scheme 65: Pyrrolidine ring conformation of diphenylprolinol silyl ether as part of the starting material enamine 
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In their NMR studies, Gschwind and co-workers suggested that the C4-endo conformation was 
favoured for the diphenylprolinol silyl ether and isovaleraldehyde system studied here, based on 
measured 3J HH coupling constants of the relevant protons in the pyrrolidine ring and comparison 
with computational calculated values.83 However, X-ray studies by Seebach and co-workers on a 
number of crystallised enamine and iminium ions found the puckering of the pyrrolidine ring to 
vary from structure to structure.79,192 While this is clearly an important structural consideration, 
it does not appear to have been explicitly investigated as part of any of the computational 
modelling in this area.45,77,111,179,191 
In addition to the pyrrolidine ring conformation, the orientation of the CPh2OTMS group around 
the exocyclic carbon-carbon bond is also an important structural consideration. The group can 
take three distinct orientations of the OTMS moiety relative to the enamine nitrogen: sc-exo, sc-
endo and ap, Scheme 66. 
 
 
 
Scheme 66: Definitions of the rotamers of the exocyclic CPh2OTMS group of the OTMS relative to the enamine 
nitrogen 
Gschwind and co-workers’ NMR studies suggested the sc-exo orientation to be favoured for the 
observed diphenylprolinol silyl ether enamines but the sc-endo orientation for O-unprotected 
prolinols.83 As with the pyrrolidine ring conformation, the exocyclic rotamer was found to vary 
significantly for the crystallised structures investigated by Seebach and co-workers.79,187 
Computational investigations appear to suggest a sc-endo conformation for these enamines but 
no information is given on the relative energies of the other orientations.45,77,111,174,186 
We chose to investigate the C4-endo and C4-exo pyrrolidine ring conformations in conjunction 
with the sc-exo, sc-endo and ap exocyclic group orientations for each starting material enamine 
alkene isomer and C-N rotamer. All possible structural permutations were investigated 
manually. Full details of the results and procedures involved can be found in Appendix C. The 
calculated structures of the lowest energy conformations of each enamine rotamer are shown 
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in Figure 24 and a summary of the preferred conformations and calculated energies are given in 
Table 18.  
Table 18: Lowest energy gas phase structures, where ΔE refers to relative energies calculated with the M062X/6-
311+G(2df,p)//B3LYP/6-31G(d,p) method for each starting material enamine alkene isomer and C-N rotamer 
Enamine 
Rotamer 
Exocyclic 
Rotamer 
Pyrrolidine 
Conformer 
Dipole 
(Debye) 
ΔE 
(kcal mol-1) 
Anti Z sc-exo C4-exo 2.37 3.43 
Anti E ap C4-endo 1.27 0.00 
Syn Z sc-endo C4-exo-HC 0.94 6.14 
Syn E sc-endo C4-endo-HC 0.75 3.31 
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Anti Z 
C4-exo, sc-exo 
ΔE = + 3.43 kcal mol-1 
 
 
Syn Z 
C4-exo-HC, sc-endo 
ΔE = + 6.14 kcal mol-1 
 
Anti E 
C4-endo, ap 
ΔE = 0.00 kcal mol-1 
Syn E 
C4-endo-HC, sc-endo 
ΔE = + 3.31 kcal mol-1 
 
Figure 24: Optimised geometries of the four starting material enamine alkene isomer and C-N rotamer at B3LYP/6-
311G(d,p). ΔE values refer to relative energies at the M062X/6-311+G(2df,p)//B3LYP/6-311G(d,p) level 
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Comparing the relative energies of these structures, the anti E isomer is found to be the lowest 
in energy by a large, 3.31 kcal mol-1, margin. The energetic preference for this enamine rotamer 
is in good agreement with the previous computational studies of Jørgensen and the 
experimental NMR studies of Gschwind. Interestingly, the next highest energy structures, the 
anti Z and the syn E enamine, are almost equal in energy, at 3.41 kcal mol-1 and 3.31 kcal mol-1 
respectively, relative to the anti E. The syn Z enamine is the least stable isomer by 6.14 kcal mol-
1, with substantial pyramidalisation at the nitrogen. Dipole moments are relatively low, despite 
the anti Z being almost twice the value of the anti E. 
These results reveal some striking conformational differences, as well as similarities, between 
the lowest energy structures of the four enamine rotamers. Both syn enamines prefer the sc-
endo exocyclic group orientation, whereas the anti Z prefers sc-exo and the anti E prefers ap. In 
addition, both Z enamines prefer a C4-exo pyrrolidine ring conformation, whereas both E 
enamines prefer the opposite C4-endo ring conformation.  
During investigation of the exocyclic group, we found the sc-endo orientation to be the highest 
in energy by ca. 2.00 kcal mol-1 for all anti Z and anti E isomers. In an attempt to investigate the 
factors behind this, NCI surfaces of the sc-exo, ap and sc-endo orientations for the anti Z and 
anti E rotamers were calculated, Figure 25 and Figure 26. The sc-endo orientations qualitatively 
exhibit smaller attractive NCI surfaces between the exocyclic group and the pyrrolidine ring, in 
comparison to the sc-exo and ap orientations, as well as a significant loss of planarity at the 
enamine nitrogen. We believe a combination of these factors is responsible for the higher 
energy of the sc-endo orientation.  
The NCI surfaces display a wealth of information and here we offer computational evidence of 
the existence of CH/π interactions, postulated by Gschwind and co-workers,83 between the 
protons of the pyrrolidine ring and a phenyl moiety of the exocyclic CPh2OTMS group, illustrated 
as arrow 1 in the anti E C4-endo ap structure, Figure 26. In addition, the ap orientation for both 
enamine isomers shows further interactions between the other phenyl moiety and the enamine 
proton, resulting in an additional set of CH/π interactions for this exocyclic group orientation, 
illustrated as arrow 2, Figure 26. These interactions are, however, relatively weak (for instance, 
a fully formed H-bond would register as a deep blue surface) and are only between two or three 
atoms of the phenyl group. Their number and strength varies for each structure studied and 
this, coupled with minor difference in the planarity of the enamine nitrogen, could account for 
the small differences in energies, 0.31 kcal mol-1 and 0.26 kcal mol-1, between the preferred sc-
exo and ap conformations of the anti Z and anti E enamines respectively, Figure 26. 
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By comparing the degree of CH/π interactions between the anti E and anti Z rotamers, Figure 25 
and Figure 26, we can clearly observe a greater degree of stabilisation through attractive NCIs 
when the pyrrolidine ring is in the C4-endo conformation. This may in part explain the 3.00 kcal 
mol-1 difference between the lowest energy anti E, anti Z and syn E rotamers, Figure 24. In fact, 
taking the globally lowest energy anti E ap C4-endo structure and altering only the conformation 
of the pyrrolidine ring, to the anti E ap C4-exo conformation, we observe a 2.05 kcal mol-1 
difference with the loss of the CH/π interactions, Figure 27, illustrated by arrows 1 and 2. This 
increased stability occurs despite a much reduced enamine planarity for the anti E C4-exo 
orientation, Figure 27; suggesting these NCIs play a very important role in the stability of the 
starting material enamine. 
This led us to question why the anti Z enamine does not adopt a C4-endo conformation. The anti 
Z sc-exo C4-exo and –endo conformations are compared in Figure 27. The case is complex as, 
despite the C4-endo displaying a greater degree of CH/π interactions, arrows 3 and 4, there are 
a number of changes to other NCIs in the system, arrows 5 and 6, which evidently must tip the 
balance in favour of the C4-exo conformation, albeit by a small 0.66 kcal mol-1. 
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Anti Z 
Sc-exo 
χ N = 27.63 ° 
ΔE = 0.00 kcal mol-1 
 
 
Anti Z 
Ap 
χ N = 28.42 ° 
ΔE = 0.31 kcal mol-1 
 
Anti Z 
Sc-endo 
χ N = 40.93 ° 
ΔE = 2.04 kcal mol-1 
Energies values are relative to the lowest energy exocyclic group orientation for the anti Z C4-exo starting material enamine  
Figure 25: NCI surfaces of the three exocyclic group orientations of the anti Z C4-exo starting material enamine alkene isomer and C-N rotamer. ΔE values refer to relative energies at the 
M062X/6-311+G(2df,p)//B3LYP/6-311G(d,p) level 
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Anti E 
Sc-exo 
χ N = 29.41 ° 
ΔE = 0.26 kcal mol-1 
 
Anti E 
Ap 
χ N = 25.98 ° 
ΔE = 0.00 kcal mol-1 
 
Anti E 
Sc-endo 
χ N = 32.25 ° 
ΔE = 1.71 kcal mol-1 
Energies values are relative to the lowest energy exocyclic group orientation for the anti E C4-endo starting material enamine  
Figure 26: NCI surfaces of the three exocyclic group orientations of the anti E C4-endo starting material enamine alkene isomer and C-N rotamer. ΔE values refer to relative energies at the 
M062X/6-311+G(2df,p)//B3LYP/6-311G(d,p) level
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Anti E 
C4-exo, ap 
ΔE = 2.05 kcal mol-1 
χ N = 17.10 ° 
 
 
Anti Z 
C4-exo, sc-exo 
ΔE = 0.00 kcal mol-1 
χ N = 27.63 °
 
Anti E 
C4-endo, ap 
ΔE = 0.00 kcal mol-1 
χ N = 27.63 ° 
 
 
Anti Z 
C4-endo, sc-exo 
ΔE = 0.66 kcal mol-1 
χ N = 28.84 ° 
Energies are relative to the lowest energy pyrrolidine ring conformation for each alkene isomer 
Figure 27: NCI surfaces of the anti Z and anti E C4-exo and C4-endo pyrrolidine ring conformations. ΔE values refer to 
relative energies at the M062X/6-311+G(2df,p)//B3LYP/6-311G(d,p) level 
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The inclusion of solvent in any computational calculation is an important step towards a more 
realistic and representative model. This is even more so in the case of the α-selenation due to 
the experimentally observed dependency of product selectivity on choice of solvent. The lowest 
energy structures were resubmitted for optimisation with the inclusion of solvent using the 
CPCM method, Table 19. Dichloromethane and toluene were chosen as solvents, as their use 
resulted in opposite senses of experimental product selectivities in the α-selenation reaction. 
 
Table 19: Lowest energy structures, where ΔE refers to relative energies calculated with the CPCM/M062X/6-
311+G(2df,p)//B3LYP/6-31G(d,p) method for each alkene isomer and C-N rotamer of starting material enamine 
with the inclusion of dichloromethane and toluene 
Solvent 
Enamine 
Rotamer 
Exocyclic 
Rotamer 
Pyrrolidine 
Conformer 
ΔE 
(kcal mol-1) 
Gas 
Phase 
Anti Z sc-exo C4-exo 3.43 
Anti E ap C4-endo 0.00 
Syn Z sc-endo C4-exo-HC 6.14 
Syn E sc-endo C4-endo-HC 3.31 
CH2Cl2 
Anti Z sc-exo C4-exo 3.21 
Anti E ap C4-endo-HC 0.00 
Syn Z sc-endo C4-exo-HC 6.14 
Syn E sc-endo C3-endo 3.22 
Toluene 
Anti Z sc-exo C4-exo 3.34 
Anti E ap C4-endo-HC 0.00 
Syn Z sc-endo C4-exo-HC 6.19 
Syn E sc-endo C3-endo 3.31 
 
Inclusions of solvent effects led to a stabilisation of all four structures as well as minor changes 
in pyrrolidine ring conformation. However, little difference is made to the relative energies of 
the rotamers. These results are in good agreement with the literature that the anti E enamine 
rotamer is the lowest energy conformation of the system in a variety of solvents.45,77,111,179,191 In 
addition, the predicted conformational preferences of the anti E rotamer are in excellent 
agreement with those observed experimentally by Gschwind and co-workers.83 While these 
results offer no firm evidence towards the question of whether the starting material enamine 
plays a rate or enantiodetermining role in the α-selenation reaction, they do suggest that a 
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change in starting material conformational preference is unlikely to explain the solvent effect on 
product selectivity. They also represent an important stepping stone to the more complex 
product selenoenamine system. 
 Product Selenoenamine  4.5.2
With the in-depth structural analysis of the starting material enamine in hand, we turned our 
attention to the product selenoenamine of the α-selenation reaction. Like the starting material 
enamine, the product selenoenamine gives rise to two C-N rotamers for each alkene isomer, 
Scheme 67. 
 
 
 
Scheme 67: Alkene isomers and C-N bond rotamers of the product selenoenamine 
As in our investigation of the starting material enamine, we studied the conformations of the 
pyrrolidine ring and the exocyclic CPh2OTMS group. We also identified the orientation of the 
SePh group as an important structural detail. We chose to investigate the SePh in two extremes, 
Scheme 68, which we will label as SePh-exo, for the group pointing away from the exocyclic 
CPh2OTMS group, and SePh-endo, for the group pointing in the same direction as the CPh2OTMS 
group. 
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Scheme 68: Examined orientations of SePh group of product selenoenamine 
All structural permutations were explored manually. Full results can be found in Appendix C. The 
optimised structures of the lowest energy structures of each enamine rotamer, showing all 
studied conformational preferences, are shown in Figure 28, and are summarised in Table 20. 
An interactive version of this table, in which the structures can be viewed, is available online.XI 
 
Table 20: Lowest energy gas phase structures, where ΔE refers to relative energies calculated at the M062X/6-
311+G(2df,p)//B3LYP/6-31G(d,p) method for each product selenoenamine alkene isomer and C-N rotamer. This 
table is available online, with interactive figures, http://dx.doi.org/10.6084/m9.figshare.770934 
Enamine 
Rotamer 
Exocyclic 
Rotamer 
Pyrrolidine 
Conformer 
SePh 
Rotamer 
Dipole  
(Debye) 
ΔE 
(kcal mol-1) 
Anti E Sc-exo C4-exo Exo 4.42 1.43 
Anti Z Ap C4-endo-HC Endo 2.80 0.00 
Syn E Sc-endo  C2-endo Endo 3.62 4.82 
Syn Z Sc-endo C2-endo Exo 1.87 4.17 
 
Comparing the relative energies of these structures we find that the anti Z enamine, equivalent 
to the anti E isomer of the starting material enamine as the iPr group is trans to the C-N bond, is 
the lowest in energy. However, the margin of stability has decreased to 1.43 kcal mol-1; lower 
than the 3.43 kcal mol-1 of the starting material enamine system. In addition to this, both syn 
enamines are considerably higher in energy than either of the anti enamines, 4.17 and 4.82 kcal 
mol-1. Interestingly, the dipole moments of each isomer are higher than those for the starting 
material enamine and show larger relative differences. 
                                                          
XI
 Many thanks to Professor Henry Rzepa and the team at Figshare for their enthusiasm and aid in 
constructing this interactive figure 
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Despite this change in relative energies, the structural preferences of the anti enamine rotamers 
remain identical to those of the starting material enamine system, although the syn enamines 
do display a change to the C2-endo conformation of the pyrrolidine ring. Examining the NCIs of 
the anti E and anti Z rotamers, Figure 29 and Figure 30, and comparing them to those of the 
starting material enamine, we see that addition of the SePh group results in no change to the 
CH/π interactions between the exocyclic CPh2OTMS group and the pyrrolidine ring; the same 2 
kcal mol-1 preference against the sc-endo conformation exists.  
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Anti E 
C4-exo, sc-exo, SePh-exo 
ΔE = 1.43 kcal mol-1 
 
 
Syn E 
C2-endo, sc-endo, SePh-exo 
ΔE = 4.82 kcal mol-1
 
Anti Z 
C4-endo-HC, ap, SePh-endo 
ΔE = 0.00 kcal mol-1 
 
 
Syn Z 
C2-endo-HC, sc-endo, SePh-exo 
ΔE = 4.17 kcal mol-1 
Figure 28: Optimised geometries of the four product selenoenamine alkene isomer and C-N rotamers at B3LYP/6-
311G(d,p). ΔE values refer to relative energues at the M062X/6-311+G(2df,p)//B3LYP/6-311G(d,p) level
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Anti E 
Sc-exo 
χ N = 26.55 ° 
ΔE = 0.00 kcal mol-1 
 
Anti E 
Ap 
χ N = 30.02 ° 
ΔE = 0.01 kcal mol-1 
 
Anti E  
Sc-endo 
χ N = 42.64 ° 
ΔE = 2.46 kcal mol-1 
Energies are relative to the lowest energy exocyclic group orientation for the anti E C4-exo product selenoenamine  
Figure 29: NCI surfaces of the three exocyclic group orientations of the anti E C4-exo product selenoenamine alkene isomer and C-N rotamer. ΔE values refer to relative energies at the 
M062X/6-311+G(2df,p)//B3LYP/6-311G(d,p) level
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Anti Z 
Sc-exo 
χ N = 28.54 ° 
ΔE = 0.61 kcal mol-1 
 
 
Anti Z 
Ap 
χ N = 28.79 ° 
ΔE = 0.00 kcal mol-1
 
 
Anti Z 
Sc-endo 
χ N = 29.27 ° 
ΔE = 2.37 kcal mol-1 
Energies are relative to the lowest energy exocyclic group orientation for the anti Z C4-endo product selenoenamine  
Figure 30: NCI surfaces of the three exocyclic group orientations of the anti Z C4-endo product selenoenamine alkene isomer and C-N rotamer. ΔE values refer to relative energies at the 
M062X/6-311+G(2df,p)//B3LYP/6-311G(d,p) level
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With the anti Z and anti E enamines much closer in energy than the parent starting material anti 
Z and anti E enamines, we were very interested to examine the effect of the inclusion of solvent. 
The lowest energy structures of Figure 28 were resubmitted for geometry optimisation and 
single-point energy calculation with the inclusion of a number of solvents, Table 21. 
Table 21: Lowest energy structures, where ΔE refers to relative energies calculated at the CPCM/M062X/6-
311+G(2df,p)//B3LYP/6-31G(d,p) method for each product alkene isomer and C-N rotamer with the inclusion of 
multiple solvents 
Solvent 
Enamine 
Rotamer 
Dipole 
(Debye) 
ΔE 
(kcal mol-1) 
NMR 
Ratio 
ee ϵ 
Gas Phase 
Anti E 4.42 1.43 
- - - 
Anti Z 2.80 0.00 
Syn E 3.62 4.82 
Syn Z 1.87 4.17 
n-Hexane 
Anti E 5.09 0.71 - 
97 (S) 1.8 
Anti Z 3.29 0.00 - 
Syn E 4.12 4.26 - 
Syn Z 2.44 3.92 - 
Toluene 
Anti E 5.29 0.51 1 
93 (S) 2.4 
Anti Z 3.43 0.00 0 
Syn E 4.26 4.11 - 
Syn Z 2.62 3.85 - 
THF 
Anti E 6.20 0.00 - 
25 (S) 7.4 
Anti Z 4.04 0.24 - 
Syn E 4.89 3.81 - 
Syn Z 3.49 3.72 - 
CH2Cl2 
Anti E 5.97 0.00 1 
39 (R) 8.9 
Anti Z 3.89 0.07 1 
Syn E 4.74 3.76 - 
Syn Z 3.27 3.65 - 
MeCN 
Anti E 5.91 0.00 1 
43 (R) 35.5 
Anti Z 3.85 0.03 1 
Syn E 4.70 3.75 - 
Syn Z 3.21 3.62 - 
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Inclusion of solvents leads to the overall stabilisation of all four gas phase structures. It also 
significantly alters the relative energies of the anti E and Z enamines to different degrees in 
different solvents. Throughout, the relative energies of both syn isomers are high enough to be 
essentially neglected. Interestingly, the difference in energy between the anti E and Z isomers 
decreases as the solvent dielectric constant increases with the E experiencing a greater degree 
of stabilisation than the Z, most probably due to its larger dipole.  
It can be summarised that the Z enamine is more stable in the gas-phase and non-polar solvents 
but that there is little-to-no difference in stability between the E and Z enamines in polar 
solvents. Experimentally, both the E and Z enamines are observed in an almost equal ratio in 
dichloromethane and acetonitrile but only the E enamine is observed in toluene. The 
observation of the less stable enamine in toluene only, implies an inherent kinetic preference 
for the experimental formation of this enamine. This supports the hypothesis that solvent 
dependent product selectivity is the result of the erosion of this kinetic preference in polar 
solvents due to equilibration of relative intermediates in the catalytic cycle, as opposed to a 
change of enamine conformation in the stereogenic carbon-carbon bond forming step.185 It is 
worth noting that the experimentally observed ratio of enamines in polar solvents is the steady 
state concentration of each enamine balanced between the rate of its formation and its 
hydrolysis, which, due to the relatively slow equilibration of the enamines, may not be a 
thermodynamic ratio. 
 Concluding Remarks 4.6
In this chapter, the mechanistic regime of Curtin-Hammett kinetics associated with 
diphenylprolinol silyl ether-mediated reactions was discussed, and the kinetic profile of an 
additional α-functionalisation reaction, the diarylprolinol silyl ether-mediated α-selenation of 
aldehydes, was found to closely resemble that of the α-chlorination and conjugate addition 
reactions. In addition, the product enantioselectivity of the α-selenation reaction was found to 
depend on both the solvent chosen for the reaction, correlating to solvent dielectric constant, 
and the electronic properties of the aryl rings of the catalyst. A computational investigation of 
two important intermediates on the catalytic cycle, including the proposed resting state, was 
undertaken and evidence in support of the idea that product selectivity dependence on solvent 
was due to erosion of inherent kinetic control was presented. 
Employing the RPKA methodology and using two orthogonal reaction monitoring techniques, in 
situ IR spectroscopy and calorimetry, the kinetic profile of the α-selenation reaction was 
observed and found to closely resemble those of the α-chlorination and conjugate addition 
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reactions. Further exploration of the system revealed product selectivity to be a function of 
both reaction solvent, correlated to dielectric constants, and the electronic properties of the 
aryl rings of the catalyst. A screen of un-protected, free hydroxyl diarylprolinol catalysts and 
different sources of selenium ruled out the involvement of either in the involvement of the α-
selenation reaction. 
From in-depth computational exploration of structural features of the starting material and 
product selenoenamines, two prominent species were suggested to be present in the catalytic 
cycle, and revealed the importance of the conformational preferences of the pyrrolidine ring 
and exocyclic CPh2OTMS of the catalyst on the relative energies of differing enamine rotamers. 
Study of the starting material enamine suggested a preference of > 3.00 kcal mol-1 for the anti E 
isomer in a number of solvents, in agreement with experimental 1H NMR studies.45,77,111,179,191 
This implies that a solvent-dependent change in starting material enamine structure is unlikely 
to explain the effect of solvent on product selectivity. Continuation of this investigation to the 
more complex product selenoenamine system, suggested as the cycle resting state by in situ 
NMR studies,185 found the relative thermodynamic stabilities of E and Z enamines to change 
with solvent, with the Z enamine more stable in the gas-phase and non-polar solvents but little-
to-no difference in stability between the E and Z enamines in polar solvents. This suggests that 
the experimental observation of the E enamine only in toluene is not a thermodynamic 
preference but is rather likely the result of an inherent kinetic preference. The above evidence 
supports the proposed hypothesis that solvent dependent product selectivity is the result of the 
erosion of kinetic preferences due to equilibration of relative intermediates in the catalytic 
cycle, as opposed to a change of enamine conformation in the stereogenic carbon-carbon bond 
forming step. 
A logical extension of the computational investigation of the α-selenation reaction would be to 
the study of the transition states of the protonation of product selenoenamines, in order to 
examine why the Z product selenoenamine is hydrolysed faster than the E. Further experimental 
investigations of the α-selenation reaction, such as exploration of additional selenium sources 
with alternative leaving groups, such as N-phenylselenylsuccinimide as opposed to phthalimide, 
could lead to insights into the importance of the leaving group in terms of reactivity, selectivity, 
and solvent dependent selectivity. While the behaviour of diphenylprolinol silyl ether, 16a, in 
the α-selenation reaction has been studied experimentally by our collaborators and 
computationally in this thesis, a comparative understanding of the behaviour of other catalysts, 
particularly 16b, is lacking. Similar in-depth NMR investigations, coupled with computational 
 145 
 
predictions would be of interest to determine why 16b is solely selective for the S product. 
Beyond the α-selenation reaction, the investigation of the kinetic profiles of further 
diarylprolinol silyl ether-mediated α-functionalisation reactions, such as α-fluorination, α-
bromination, or α-sulfenylation reactions, would be a first step in the potential further 
generalisation of the concept of Curtin-Hammett, or Curtin-Hammett-like, kinetics. 
 
  
 146 
 
5 Experimental 
 General Comments 5.1
All reactions were carried out in oven-dried glassware, with magnetic stirring and under an 
argon atmosphere, unless otherwise stated. Dry solvents, THF, toluene, and CH2Cl2, were 
obtained from an Innovative Technology Inc. PureSolv™ Solvent Purification System. Anhydrous 
DMSO, MeCN, and acetone, were purchased and used without further purification. Methanol 
and ethanol were dried from the relevant magnesium alkoxide. Acetic acid was distilled and 
stored over 4 Å mol sieves. Ethyl glyoxylate was distilled over P2O5 prior to use. All aldehydes, 
and triethylamine, were distilled immediately prior to use. All other reagents were used as 
commercially supplied. Flash chromatography was performed on silica gel (Merck Kieselgel 60 
F254 230-400 mesh). TLC was performed on silica coated glass backed plates (0.2mm 60 F254) and 
were developed using potassium permanganate or ninhydrin dips, as appropriate, and UV light. 
In situ IR spectroscopy was performed using a Mettler Toledo ReactIR 4000 in conjunction with a 
MultiMax RB04-50 unit, the setup of which allowed four temperature controlled reactions, in 
100 ml stainless steel reaction vessels with overhead stirring, to be run automatically and 
sampled in parallel over an extended period of time. Reaction calorimetry was performed in 
oven dried 8 ml vials with a rubber septum in an Omnical Insight CPR220 differential scanning 
calorimeter with internal magnetic stirring and temperature control. Melting points were 
obtained using a Reichert hot plate microscope and are uncorrected. IR spectra were recorded 
directly on a Perkin Elmer Spectrum 100 FTIR spectrometer with a Universal ATR Sampling 
Accessory, and selected absorbances (νmax) are reported (in cm
-1). 1H NMR spectra were 
recorded at either 400 or 500 MHz on Bruker AV400/AV500 instruments; chemical shifts (δH) are 
quoted in parts per million (ppm) referenced to the appropriate residual solvent peak, 
assignments are labelled as s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br 
(broad), coupling constants (J) are reported in Hz to the nearest 0.1 Hz. 13C NMR spectra were 
recorded at 100 or 125 MHz on Bruker AV400/AV500 instruments; chemical shift (δC) are 
quoted in parts per million (ppm) referenced to the appropriate residual solvent peak. 
Assignments as C, CH, CH2, and CH3 are derived from DEPT experiments. Mass spectrometry was 
performed using ESI or CI on LCT Premier or AutospecQ instruments. HPLC analysis was carried 
out on a modular, multi-wavelength JASCO instrument with 250 mm columns from Daicel 
Chemical Industries Ltd. GC analysis was performed on a VARIAN CP-3800 with FID detector and 
a Beta-Dextrin column (BETA DEXTM120, 60 m x 0.25 mm x 0.25 µm (SUPELCO)). Optical 
rotations were recorded on an Optical Activity Ltd. Polarimeter at 589 nm (Na D-line) with a 
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path length of 0.5 dm, concentrations (c.) are quoted in g 100 ml-1 and specific rotations, [α]TD, 
are quoted in units of 10-1degcm2g-1 . 
 Proline-Mediated Conjugate Addition 5.2
General Procedure for Proline-mediated Conjugate Addition Carried Out in the ReactIR 
 
 
 
A homogeneous stock solution of proline in anhydrous DMSO (20 mol%, concentration and 
volume depending on conditions under investigation) was stirred vigorously in the ReactIR 
vessel. Internal standard, benzonitrile (0.05 M), and any additives under investigation were 
added to the stirring solution. Nitrostyrene stock solution (concentration and volume depending 
on conditions under investigation) was added followed by freshly distilled aldehyde (volume 
depending on conditions under investigation) in order to initiate the reaction. The reaction was 
stirred at 20°C for an allocated period of time while monitoring via IR. Upon reaching 
completion, determined via in situ IR, an aliquot (0.1 ml) was withdrawn, quenched with 
saturated aqueous ammonium chloride solution (0.5 ml), extracted with ethyl acetate (1 ml), 
dried over MgSO4, and filtered, ready for HPLC analysis. 
 
Characterisation of Conjugate Addition Product 
2-Ethyl-4-nitro-3-phenylbutanal, 46  
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Colourless oil, purified via flash chromatography (hexane:ethyl acetate, 7:3), data is for syn 
diastereomer; δH (400 MHz, CDCl3) 9.71 (1 H, d, J 2.5, CHO), 7.36 – 7.26 (3 H, m, Ph), 7.19 – 7.17 
(2 H, m, Ph), 4.75 (1 H, dd, J 12.7, 4.9, CH2NO2), 4.64 (1 H, dd, J 12.7, 9.8, CH2NO2), 3.82 (1 H, dt, J 
9.8, 4.9, CHPh), 2.70 (1 H, dddd, J 10.2, 7.6, 4.9, 2.5, CHCHO), 1.59 – 1.41 (2 H, m, CH2CH3), 0.82 
(3 H, t, J 7.5, CH3); δC (100 MHz, CDCl3) 203.2 (C), 136.9 (C), 129.1 (C), 128.1 (C), 128.0 (C), 78.6 
(CH2), 55.0 (CH), 42.7 (CH), 20.4 (CH2), 10.7 (CH3); HPLC Conditions: OD-H column, Flow Rate = 1 
ml min-1, Solvent System = 90:10 (hexane:IPA), 212 nm, tR, Major = 37.9, tR, Minor = 31.8, 7 % ee. 
These data are consistent with literature values.132 
 
Poly(β-nitrostyrene), 47, General Method 
 
 
 
To a solution of dissolved β-nitrostyrene (0.15 g, 1 mmol) in solvent (4 ml) was added a solution 
of catalyst in solvent (1 ml, 10 mol%). The reaction mixture was stirred overnight, filtered, then 
washed with methanol and dried under reduced pressure to yield 47 as an insoluble, off-white 
powder; max /cm
-1 3065, 3037, 2903, 1559, 1546, 1366. 
This procedure was used to isolate poly(β-nitrostyrene) using NaOMe, proline, triethylamine, 
and diphenylprolinol silyl ether, 16a. 
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 Bicyclic Proline Analogues 5.3
 2,4-Ethanoproline  5.3.1
(S)-1-Chlorohex-5-en-2-ol, 59 
 
 
 
Commercially available allyl magnesium chloride (2 M in THF, 48 ml, 96 mmol) was transferred 
by syringe to a stirred solution containing S-(+)-epichlorohydrin (6.3 ml, 80 mmol) and CuI (1.52 
g, 8 mmol) in THF (80 ml) at -78°C. The resulting solution was held at -78°C for two hours before 
being warmed to -10°C and stirred at r.t. for a further hour. The mixture was washed with sat. 
aq NH4Cl (100 ml) followed by extraction of the aqueous layer with Et2O (3 x 100 ml). The 
combined organic fractions were dried over MgSO4, filtered, the solvent removed under 
reduced pressure and chromatographed (Et2O-petroleum ether, 1:4) to afford 59 as a colourless 
oil (6.06 g, 47%); H (400 MHz, CDCl3) 5.85 (1H, ddt, J 17.2, 10.3, 6.7, CHCH2), 5.13-5.07 (1H, m, 
CHCH2), 5.06-5.01 (1H, m, CHCH2), 3.90-3.81 (1H, m, CHOH), 3.67 (1H, ddd, J 11.1, 3.4, 0.4, 
CH2CHOHCH2Cl), 3.52 (1H, dd, J 11.1, 7.0, CH2CHOHCH2Cl), 2.32-2.18 (2H, m, CH2CHCH2), 1.74-
1.60 (2H, m, CH2CHOHCH2Cl); C (100 MHz, CDCl3) 137.7, 115.4, 70.8, 50.4, 33.3, 29.7. These 
data are consistent with literature values.146 
 
(1S,2S,5R)-Bicyclo[3.1.0]hexan-2-ol, 61  
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n-BuLi (titrated 2.0 M in hexane, 60 ml, 122 mmol) was added slowly to a stirred solution of 
alcohol 59 (4.68 g, 34.8 mmol) and 2,2,6,6-tetramethylpiperidine (15 ml, 88 mmol) in MTBE (75 
ml) at -78°C. The stirred mixture was warmed to 0°C over 2 hours then left at r.t. overnight. The 
mixture was quenched with HCl (1M, 45 ml) at 0°C and the organic phase was washed with 3 
TMP equivalent of 1M HCl. The aqueous phase was back extracted with Et2O, organic phases 
were combined, dried with anhydrous Na2SO4, filtered and solvent removed under vacuum to 
afford 61 as a yellow oil (3.8 g, 74 %), δH (400 MHz, CDCl3) 4.21 (1H, d, J 4.7, CHOH), 1.91 (1H, 
tdd, J 12.0, 8.3, 4.3, CH2CHOH), 1.65 (1H, dd, J 12.5, 8.1, CH2CHOH), 1.52 (1H, dd, J 14.4, 8.4, 
CH2CH2CHOH), 1.42-1.38 (1H, m, CH2CH2CHOH), 1.37-1.30 (2H, m, CHCHOH and CHCHCHOH), 
0.42 (1H, dt, J 8.1, 5.5, CHCH2CH), 0.00 (1H, dt, J 5.2, 3.9, CHCH2CH). These data are consistent 
with literature values.147  
 
(1S,5R)-Bicyclo[3.1.0]hexan-2-one, 53 
 
 
 
pH 8.9 Aqueous K2HPO4 and KH2PO4 buffer (0.35 M, 20 ml) was added to a solution of alcohol 61 
(3.76 g, 38 mmol), TEMPO (148 mg, 0.95 mmol) and KBr (678 mg, 5.7 mmol) in Et2O (80 ml) at 
0°C. Sodium hypochlorite (118.75 ml, 133 mmol) was added dropwise and the reaction was left 
at r.t. overnight. The reaction was quenched with sat. sodium thiosulfate solution, the aqueous 
phase was back extracted with diethyl ether, organic phases were combined, dried over Na2SO4 
and the solvent removed under reduced pressure to afford 53 as a pale yellow oil (2.06g, 56%), 
δ H (400 MHz, CDCl3) 2.21 – 1.97 (5 H, m), 1.76-1.71 (1 H, m), 1.24 – 1.15 (1 H, m), 0.94 (1 H, td, J 
4.7, 3.1). δC (100 MHz, CDCl3) 215.1, 31.4, 27.4, 22.6, 21.6, 13.5. These data are consistent with 
literature values.149 
  
 151 
 
3-(Chloromethyl)cyclopentanone, 54, and 4-Chlorocyclohexanone, 62 
 
 
 
Ketone 53 (2.06 g, 21 mmol) and pyridine hydrochloride (4.85 g, 42 mmol) were dissolved in 
acetonitrile (50 ml) and the mixture heated at reflux for 48 hours. The reaction was quenched 
with saturated brine (50 ml) and extracted with diethyl ether. The combined organic fractions 
were dried over MgSO4, filtered, and then evaporated under reduced pressure. The crude 
residue was purified by flash chromatography (3:1, CH2Cl2:hexane) to afford an inseparable, ca. 
4:1 mixture of 54 and 62 (0.823 g, 30 %); (* denotes isomer 62)max /cm
-1 1742, 1713*; δ H (400 
MHz, CDCl3) 4.55 – 4.48 (1 H*, m, CHCl), 3.75 – 3.64 (2 H, m, CH2Cl), 3.44 – 3.33 (1 H, m), 2.83 – 
2.70 (1 H, m), 2.81 – 2.71 (2 H*, m), 2.53 – 2.16 (7 H, m), 2.42 – 2.34 (2 H*, m), 2.32 – 2.25 (4 H*, 
m). These data are consistent with literature values.136 
 
2-Methyl-2-(((1S)-1-phenylethyl)amino)propanenitrile, 55 
 
 
 
Acetone cyanohydrin (4.9 ml, 53 mmol) and (S)--phenylethylamine (6.9 ml, 53 mmol) were 
mixed in methanol (20 ml) and stirred overnight. The mixture was evaporated to dryness and 
recrystallised from hexane to give 55 as a colourless needles (4.44 g, 45 %); m.p. 77-78 °C; [α]D
21 
= -155 (c 1.07, MeOH); max /cm
-1 3335, 2217; δH (400 MHz, CDCl3) 7.44-7.41 (2 H, m, Ph), 7.36-
7.32 (2 H, m, Ph), 7.30 – 7.24 (1 H, m, Ph), 4.13 (1 H, q, J 6.7, CHCH3), 1.66 (1 H, s, NH), 1.56 (3 H, 
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s, CCH3), 1.44 (3 H, d, J 6.7, CHCH3), 1.14 (3 H, s, CCH3); δC (101 MHz, CDCl3) 146.6, 128.5, 127.0, 
126.5, 123.3, 55.6, 52.2, 29.3, 27.7, 26.3. These data are consistent with literature values.136 
 
(1R,4S)-2-((1S)-1-Phenylethyl)-2-azabicyclo[2.2.1]heptane-1-carbonitrile, 56a, (1S,4R)-2-((1S)-
1-Phenylethyl)-2-azabicyclo[2.2.1]heptane-1-carbonitrile, 56b, and 7-((1S)-1-Phenylethyl)-7-
azabicyclo[2.2.1]heptane-1-carbonitrile, 57 
 
 
 
To a stirred solution of a ca. 4:1 mixture of 54 and 62 (383 mg, 2.88 mmol) in acetonitrile (20 
ml), 55 (500 mg, 2.66 mmol) was added and the mixture heated at reflux for 72 h. The reaction 
was quenched with 10% aq. NaOH solution and extracted with CH2Cl2. The combined organic 
layers were dried over anhydrous MgSO4, filtered, and then evaporated under reduced 
pressure. 1H NMR showed an impure and complex mixture of compounds 56a, 56b, and 57, 
evidenced by distinctive peaks in an approximate 1:1:3 ratio by integration; δH (56a) (400 MHz, 
CDCl3) 3.33 (1H, dt, J 9.0, 3.6, NCH2CH); δH (56b) (400 MHz, CDCl3) 2.96 (1H, dt, J 9.0, 3.6, 
NCH2CH); δH (57) (400 MHz, CDCl3) 3.44 (1H, t, J 4.5, NCH). These data are consistent with 
literature values.136 
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(2S,4R)-4-Hydroxyproline methyl ester hydrochloride salt, 66 
 
 
 
Thionyl chloride (13.05 ml, 180 mmol) was added dropwise to a stirred solution of 4-
hydroxyproline (19.67 g, 150 mmol) in methanol (100 ml). The solution was stirred at room 
temperature overnight. The solvent was removed under reduced pressure; the resultant crystals 
were re-dissolved in methanol (100 ml), to quench any remaining thionyl chloride, and the 
solvent again removed under reduced pressure. This procedure was repeated three times to 
afford the methyl ester hydrochloride salt 66 (25.55 g, 93 %) as colourless crystals that were 
used without further purification; max /cm
-1 3321, 2956, 2858, 2698, 2605; δH (400 MHz, D2O) 
4.62-4.57 (2H, m, CHNH and CHOH), 3.75 (3H, s, CO2CH3), 3.42 (1H, dd, J 12.7, 3.7, CH2NH), 3.31 
(1H, ddd, J 12.7, 1.3, 1.9, CH2NH), 2.40 (1H, ddt, J 14.2, 7.6, 1.8, CHCH2CH), 2.19 (1H, ddd, J 14.9, 
10.4, 4.2, CHCH2CH); δC (101 MHz, D2O) 170.2, 69.4, 58.1, 53.8, 53.4, 36.7; m/z (ES+) Found: M
+, 
146.0814. C6H12NO3 requires 146.0817;  0.3ppm. These data are consistent with literature 
values.137 
 
Methyl-(2S)-N-tert-butoxycarbonyl-4-hydroxyproline, 67 
 
 
 
Methyl ester hydrochloride salt 66 (25.55 g, 140 mmol) was dissolved in CH2Cl2 (500 ml) to 
which triethylamine (58.5 ml, 420 mmol) and di-tert-butyl dicarbonate (35.4 g, 162 mmol) were 
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added. The solution was stirred overnight at room temperature. The solution was extracted 
with 3 x 100 ml 1 N KHSO4, 100 ml sat. NaHCO3, 100 ml 10% citric acid and 100 ml sat. NaCl. 
Organics were combined, dried over MgSO4 and the solvent removed under reduced pressure to 
afford boc protected 67 (34.3 g, quant.) as a two to one mixture of rotamers by 1H NMR; max 
/cm-1 3321, 2964, 2868, 2704, 1739; δH (400 MHz, CDCl3) 4.52-4.48 (1H, m, CHOH), 4.45 (1HMINOR, 
t, J 7.5, CHNH), 4.39 (1HMAJOR, t, J 7.5, CHNH), 3.74 (3HMINOR, s, CO2Me), 3.73 (3HMAJOR, s, CO2Me), 
3.66 (1HMINOR, d, J 4.4, CH2NH), 3.62 (1HMAJOR, d, J 4.3, CH2NH), 3.56 (1HMAJOR, d, J 11.6, CH2NH), 
3.45 (1HMINOR, d, J 11.8, CH2NH), 2.33-2.21 (1H, m, CHCH2CH), 2.11-2.04 (1H, m, CHCH2CH), 1.46 
(9HMINOR, s, Boc), 1.41 (9HMAJOR, s, Boc); δC MAJOR (101 MHz, CDCl3) 173.7 (CO), 154.0 (CO), 80.4 (C), 
69.5 (CH), 57.9 (CH), 52.1 (CH3), 39.2 (CH2), 28.3 (CH3); δC MINOR (101 MHz, CDCl3) 173.4 (CO), 
154.8 (CO), 80.3 (C), 70.2 (CH), 57.5 (CH), 52.3 (CH3), 38.5 (CH2), 28.4 (CH3). These data are 
consistent with literature values.137 
 
Methyl-(2S)-N-tert-butoxycarbonyl-4-oxopyrrolidine, 68 
 
 
 
Trichloroisocyanuric acid (32.5 g, 140 mmol) was added to a solution of 67 (34.3 g, 140 mmol) in 
CH2Cl2 (300 ml) at 0°C, followed by the addition of TEMPO (0.22 g, 1.4 mmol). After addition of 
TEMPO, the mixture was warmed to room temperature and allowed to stand for three hours. 
The solution was filtered over Celite and the organic phase was washed with saturated aqueous 
Na2CO3 (300 ml) followed by dilute HCl (300 ml) and brine (300 ml). The organic layer was dried 
over anhydrous MgSO4 and the solvent evaporated under reduced pressure to afford ketone 68 
(32.5 g, 95 %) as a dark yellow oil that was used without further purification. The compound is a 
one to one mixture of rotamers at the amide bond by 1H NMR; max /cm
-1 2979, 1765, 1748, 
1702; δH (400 MHz, CDCl3) 4.80 (1HMAJOR, d, J 9.9, CHNH), 4.70 (1HMINOR, d, J 9.4, CHNH), 3.90 (2 
HMINOR, s, CH2NH), 3.87 (2HMAJOR, s, CH2NH), 3.76 (3H, s, CO2Me), 2.94 (1HMINOR, t, J 17.3, CH2CH), 
2.90 (1HMAJOR, t, J 17.3, CH2CH), 2.60 (1HMAJOR, s, CH2CH), 2.55 (1 HMINOR, s, CH2CH), 1.47 (1 HMAJOR, 
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s, Boc), 1.45 (9 HMINOR, s, Boc); δC MAJOR (101 MHz, CDCl3) 207.6 (CO), 172.3(CO), 81.4, 56.3 (CH), 
52.4 (CH2), 52.6 (CH3), 41.2 (CH2), 28.3; (CH3); δC MINOR (101 MHz, CDCl3) 208.4(CO), 172.3(CO), 
81.4, 55.6 (CH), 52.8 (CH2), 52.5 (CH3), 40.8 (CH2), 28.3 (CH3). These data are consistent with 
literature values.196 
 
(S)-1-Tert-Butyl 2-methyl 4-(2-tert-butoxy-2-oxoethylidene)-pyrrolidine-1,2-dicarboxylate, 69 
 
 
 
LHMDS (85 ml, 0.75 M solution in THF) was added to a stirred solution of tert-butyl P,P-
dimethylphosphonoacetate (13.5 ml, 68.25 mmol) in anhydrous THF (70 ml) under nitrogen. The 
mixture was stirred for half an hour at room temperature then cooled to -78°C and slowly added 
to a solution of 68 (11.11 g, 45.5 mmol) in anhydrous THF (80 ml) also at -78°C. The mixture was 
left at -78°C for 2 hours, -45°C for one hour, then -20°C for a further hour, when analysis by TLC 
showed complete conversion of the starting material. The reaction was quenched with 
saturated aqueous ammonium chloride. THF was removed in vacuo and the residue was diluted 
with water and extracted with ethyl acetate. The combined organic extracts were dried over 
anhydrous magnesium sulphate and evaporated. Flash chromatography was performed 
(hexane:ethyl acetate; 4:1) to recover 69 (12.31 g, 79 %) as a yellow oil. The compound is a 
mixture of E/Z isomers both appearing as rotamers at the amide bond; [α]D
19.5 = -40.21 (c 0.97, 
CHCl3); max /cm
-1 2975, 1748, 1701; δ H (400 MHz, CDCl3) 5.79-5.54 (1H, m), 4.62-4.21 (3H, m), 
3.73 (3H, s), 3.35-3.24, 3.17-3.06 and 2.79-2.74 (2H, m), 1.48-1.42 (18H, m); C (101 MHz, CDCl3) 
172.8, 172.6, 164.9, 164.7, 155.6, 154.7, 154.4, 153.7, 116.2, 115.8, 115.2, 110.0, 80.6, 80.5, 
60.4, 59.1, 57.6, 57.0, 52.3, 52.2, 52.0, 50.9, 50.8, 37.6, 36.9, 36.1, 35.3, 28.4, 28.3, 28.2, 28.2, 
28.0, 21.0, 14.2, 14.1; m/z (ES+) Found: M+, 364.1732. C17H27NO6Na requires 364.1736;  0.4 
ppm. These data are consistent with literature values.137 
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Methyl (2S,4R)-1-(tert-butoxycarbonyl)-4-(2-tertbutoxy-2-oxoethyl)-2-pyrrolidinecarboxylate, 70 
 
 
 
69 (12.31 g, 36.1 mmol) was dissolved in methanol (180 ml) to which Pd/C (1.2 g) was added 
and stirred. The flask was evacuated and refilled with hydrogen several times and left under 
hydrogen at atmospheric pressure for 1 hour. The reaction mixture was filtered over Celite and 
the solvent evaporated to return 70 (11.52 g, 93%) as a yellow oil which was used without 
further purification [α]D
23 = -45.32 (c 1.02, CHCl3). The compound is a mixture of rotamers at the 
amide bond, 1:1.2 by 1H NMR; max /cm
-1 2978, 1727, 1699; δH MAJOR (400 MHz, CDCl3) 4.28 
(1HMINOR, t, J 8.0, CHNH), 4.21 (1HMAJOR, t, J 8.2, CHNH), 3.83-3.76 (2H, m, CH2NH), 3.73 (3HMINOR, 
s, CO2Me), 3.72 (3 HMAJOR, s, CO2Me), 3.10-3.04 (2H, m CH2NH), 2.57-2.43 (2H, m, CH2Boc), 2.40-
2.25 (2H, m, CHCH2CH), 1.67-1.58 (1H, m, CHCH2NH), 1.44 (18H, m, Boc); δC (400 MHz, CDCl3) 
173.58 (CO), 173.38 (CO), 171.00 (CO), 154.15 (CO), 153.44 (CO), 80.82 (CO), 80.08 (CO), 59.18 
and 58.69 (CH), 52.15 and 51.96 (CH3), 51.43 (CH2), 38.77 and 38.56 (CH2), 36.61 and 35.71 
(CH2), 34.94 and 34.29 (CH), 28.38 and 28.24 and 28.06 (CH3); m/z (ESI+) Found: M
+, 366.1891. 
C17H29NO6Na requires 366.1893;  0.2 ppm. These data are consistent with literature values.
137 
 
2-((3R,5S)-1-(Benzyloxycarbonyl)-5-(methoxycarbonyl)-pyrrolidin-3-yl)acetic acid, 71 
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TFA (33.4 ml, 450 mmol) was slowly added to 70 (8.58 g, 25 mmol) in CH2Cl2 (50 ml). The 
mixture was stirred for three hours then evaporated to dryness. The residue was dissolved in 
water (100 ml) and potassium carbonate (17.3 g, 125 mmol) was added followed by of Cbz-
chloride (3.52 ml, 25 mmol) at 0°C upon stirring. The mixture was left at r.t. overnight and was 
washed with CH2Cl2. The resulting aqueous phase was acidified with 1M HCl to pH 1-2 and 
extracted with ethyl acetate. The combined ethyl acetate phases were dried over MgSO4, 
filtered and evaporated at reduced pressure to give acid 71 (8.6 g, 100 %) as a dark yellow oil. 
The compound is a mixture of rotamers (ca. 1:1.2) at the amide bond; [α]D
21 = -52.0 (c 1.15, 
CHCl3), max /cm
-1
 1770; δH (400 MHz, CDCl3) 7.38- 7.28 (5H, m, Ph), 5.18 (1H, d, J 12.5, CH2Ph), 
5.11 (1HMAJOR, d J 12.3, CH2Ph), 5.03 (1HMINOR, d, J 12.3, CH2Ph), 4.37 (1HMAJOR, t, J 8, CHCO2Me), 
4.33 (1HMINOR, t, J 8.0, CHCO2Me), 3.96 (1HMINOR, dd, J 3.4, 7.4, CH2NH), 3.89 (1HMAJOR, dd, J 3.2, 
7.4, CH2NH), 3.76 (3HMINOR, s, CO2Me), 3.55 (3HMAJOR, s, CO2Me), 3.23-3.17 (1H, m, CH2NH), 2.64-
2.55 (2H, m, CH2CO2H), 2.52-2.44 (2H, m, CHCH2CH), 1.74-1.65 (1H, m, CHCH2NH); C (100 MHz, 
CDCl3) 177.5 and 177.3 (CO), 173.5 and 173.4 (CO), 151.0 and 150.9 (CO2CH3), 133.6 (Ph), 129.7 
(Ph), 129.3 (Ph), 128.9 (Ph), 128.6 (Ph), 128.3 (Ph), 68.0 (CH2), 59.4 and 59.2 (CH), 53.0 and 52.7 
(CH3), 52.3 and 52.0 (CH2), 36.9 and 36.6 (CH2), 36.1 and 35.7 (CH2), 34.6 and 34.0 (CH); m/z 
(ESI+) Found: M+, 322.1284. C16H20NO6 requires 322.1291;  0.7 ppm. These data are consistent 
with literature values.137 
 
 (2S,4R)-1-Benzyl-2-methy-4-(2-hydroxyethyl)pyrrolidine-1,2-dicarboxylate, 72 
 
 
 
Acid 71 (13.1 g, 39.1 mmol) and triethylamine (8.18 ml, 58.7 mmol) were dissolved in dry THF 
(200 ml). Ethyl chloroformate (4.46 ml, 46.9 mmol) was added dropwise at 0°C. This solution 
was stirred at 0°C for two hours. The reaction mixture was filtered and then evaporated under 
reduced pressure. The residue was dissolved in THF (115 ml) and was cooled to 0°C, when a 
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solution of sodium borohydride (7.4 g, 195.5 mmol) in water (350 ml) was added slowly and 
stirred for a further two hours. The mixture was warmed slowly then was quenched with sat. aq. 
sodium bicarbonate and extracted with ethyl acetate. The combined organic phases were dried, 
filtered, and evaporated under reduced pressure. The residue was then purified via flash column 
chromatography (neat ethyl acetate) to give alcohol 72 (6.1 g, 51 %) as a viscous, colourless oil. 
1H NMR shows a ca. 1:0.16 mixture of suspected diastereomers, spectral data for the major 
diastereomer are given; the compound is a mixture of rotamers, ca. 1:1, at the amide bond; 
[α]D
21 = -52.8 (c 1.06, CHCl3); max /cm
-1
 3451, 2953, 2876, 1744, 1695; δH (400 MHz, CDCl3) 7.37-
7.28 (5H, m, Ph), 5.18 (1HMAJOR, d, J 12.3, CH2Ph), 5.08 (1HMINOR, d, J 12.3, CH2Ph), 5.02 (1H, dd, J 
12.3, CH2Ph), 4.33 (1HMINOR, t, J 8.3, CHNH), 4.29 (1HMAJOR, t, J 8.3, CHNH), 3.91 (HMINOR, dd, J 10.5, 
7.5, CH2NH), 3.83 (1HMAJOR, dd, J 10.5, 7.5, CH2NH), 3.75 (3HMINOR, s, CO2Me), 3.67 (2H, dt, J 4.9, 
6.4, CH2OH), 3.54 (3HMAJOR, s, CO2Me), 3.13 (1H, t, J 10.1, CH2NH), 2.53-2.45 (1H, m, CH2CHNH), 
2.38-2.26 (1H, m, CH2CHNH), 1.70-1.65 (2H, m, CH2CH2OH), 1.65-1.60 (1H, m CHCH2NH), 1.50 
(1H, br s, OH); C (100 MHz, CDCl3) 173.4 and 173.3 (CO), 154.78 and 154.2 (CO), 136.5 and 
136.3 (CO), 128.5 (Ph), 128.4 (Ph), 128.0 (Ph), 127.9 (Ph), 127.9 (Ph), 127.8 (Ph), 127.7 (Ph), 67.1 
(CH2), 60.9 (CH2), 59.3 and 59.0 (CH), 52.5 and 52.1 (CH2), 52.3 and 52.0 (CH3), 37.2 and 36.2 
(CH2), 35.7 and 35.04 (CH), 35.3 and 35.3 (CH2). These data are consistent with literature 
values.137 
 
 (2S,4R)-1-Benzyl-2-methyl-4-(2-bromoethyl)pyrrolidine-1,2 dicarboxylate, 73 
 
 
 
Triphenylphosphine (7.3 g, 27.9 mmol) was dissolved in CH2Cl2 (50 ml) and added slowly to a 
solution of alcohol 72 (6.1 g, 19.9 mmol) and carbon tetrabromide (9.24 g, 27.9 mmol) in CH2Cl2 
(50 ml) under nitrogen at -10°C. The resulting mixture was slowly warmed to room temperature 
over three hours, then evaporated and purified via column chromatogaphy (2:1, hexane: ethyl 
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acetate) to give bromide 73 (6.9 g, 94 %) as a viscous, colourless oil. 1H NMR shows a ca. 1:0.16 
mixture of suspected diastereomers; spectroscopic data for the major diastereomer are given; 
the compound is a 1:1 mixture of rotamers at the amide bond; [α]D
21 = -67.35 (c 0.98, CHCl3); 
max /cm
-1 2953, 2874, 1746, 1702; δH (400 MHz, CDCl3) 7.37-7.29 (5H, m, Ph), 5.18 (1H, d, J 12.4, 
CH2Ph), 5.09 (1HMAJOR, d, J 12.4, CH2Ph), 5.02 (1HMINOR, d, J 12.4, CH2Ph), 4.35 (1HMINOR, t, J 8.2, 
CHCO2Me), 4.31 (1HMAJOR, t, J 8.2, CHCO2Me), 3.92 (1HMINOR, dd, J 3.0, 7.3, CH2N), 3.83 (1HMAJOR, 
dd, J 2.5, 7.8, CH2N), 3.76 (3HMINOR, s, CO2Me), 3.54 (3HMAJOR, s, CO2Me), 3.40-3.36 (2H, m, CH2Br), 
3.13 (1H, t, J 10.0, CH2N), 2.55-2.47 (1H, m, CH2CHN), 2.44-2.37 (1H, m, CH2CHN), 2.02-1.93 (2H, 
m, CH2CH2Br), 1.67-1.60 (1H, m, CHCH2N); δC (101 MHz, CDCl3) 173.2 and 173.0 (CO), 154.7 and 
154.2 (CO), 136.6 and 136.5 (Ph), 128.52 (Ph), 128.43 (Ph), 128.11 (Ph), 128.08 (Ph), 128.03 (Ph), 
127.90 (Ph), 67.2 (CH2), 59.2 and 58.9 (CH), 52.3 and 52.1 (CH3), 51.8 and 51.4 (CH2), 37.1 (CH), 
36.4 and 35.4 (CH2), 31.2 (CH2); m/z (ESI+) Found: M
+, 370.0656. C16H21NO4Br requires 370.0654; 
 0.2 ppm. These data are consistent with literature values.137 
 
(1R,4S)-2-Benzyl 1-methyl 2-azabicyclo[2.2.1]heptane-1,2-dicarboxylate, 74 
 
 
 
Bromide 73 (6.8 g, 18 mmol) was dissolved in anhydrous THF (70 ml) at -78°C under nitrogen. 
KHMDS (46 ml, 0.5 M in toluene) was cooled to -78°C and added dropwise via cannula over 20 
minutes. The temperature was held at -78°C for one hour, raised to - 40°C and left for an hour, 
was allowed to raise to 0°C over four hours and left at room temperature for a further two 
hours. The reaction was quenched at 0°C with saturated aqueous NH4Cl. The aqueous phase was 
extracted with ethyl acetate. Combined organics were dried with MgSO4, filtered then 
evaporated at reduced pressure. The reside was purified via flash chromatography (2:1, 
hexane:ethyl acetate) to afford bicyclic ester 74 (3.8 g, 73%) as a viscous brown oil. The 
compound is a mixture of rotamers, ca. 7:6, at the amide bond by 1H NMR; max /cm
-1 2984, 
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2952, 2882, 1742, 1697; δH (400 MHz, CDCl3) 7.38-7.27 (5H, m, Ph), 5.24-4.96 (2H, m, CH2Ph), 
3.80 (3HMINOR, s, CO2Me), 3.40 (3HMAJOR, s, CO2Me), 3.54 (1 HMAJOR, d, J 9.0, NCH2), 3.29 (1 HMINOR, 
d, J 9.0, NCH2), 2.58 (1H, br s, CCH2CH2), 2.17 (1H, td, J 12.7, 5.3, CCH2CH), 2.12-1.92 (2H, m), 
1.86 (1H, m, CH), 1.77 (1H, d, J 9.4, CCH2CH2);C (100 MHz, CDCl3) 171.5 (CO), 154.7 (CO) 128.5 
(Ph), 128.2 (Ph), 128.1 (Ph), 127.8 (Ph), 67.3 (CH2), 66.9 (CH2), 55.8 (CH2), 55.0 (CH2), 52.4 (CH), 
51.9 (CH), 44.5 (CH2), 43.5 (CH2), 37.8 (CH2), 37.3 (CH2), 33.2 (CH3), 31.3 (CH3), 27.9 (CH2), 27.8 
(CH2); m/z (ESI+) Found: M
+, 290.1397. C16H20NO4 requires 290.1392;  0.5 ppm; HPLC 
Conditions: OD-H column, Flow Rate = 1 ml min-1, Solvent System = 80:20 (hexane:IPA), 216 nm, 
tR, maj = 14.8, tR, min = 12.6, 74 % ee. These data are consistent with literature values.
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(1R,4S)-2-Azabicyclo[2.2.1]heptane-1-carboxylic acid, 50 
 
 
 
Bicyclic ester 74 (206.5 mg, 0.71 mmol) was dissolved in 3M HCl (5 ml) and the solution heated 
at reflux overnight. The reaction mixture was washed with CH2Cl2 and the aqueous layer was 
evaporated under reduced pressure. A 10Gm SCX Varian Bond Elut column was activated by 
elution of 100 ml 1M HCl. The compound was charged to this column in 1M HCl, washed with 
100 ml H2O then 100 ml 10% aq. NH3 solution. The NH3 solution was collected and concentrated 
under reduced pressure to yield the product 50 as colourless crystals (100 mg, quant); m.p. > 
340 °C (decomp.); max /cm
-1 3058 (br), 1593, 1411; δH (400 MHz, MeOD) 3.24-3.21 (1H, m, 
NHCH2), 3.01-2.99 (1H, m, NHCH2), 2.69 (1H, br s, CH), 2.21-2.14 (1H, m, CH2), 1.96-1.86 (4H, m, 
CH2), 1.65-1.61 (1H, m, CH2); C (100 MHz, MeOD) 174.9, 75.8, 52.9, 42.2, 39.6, 32.4, 29.6; m/z 
(ESI+) Found: MH+ 142.0861. C7H11NO2 requires 142.0868; 0.7 ppm. These data are consistent 
with literature values.137  
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 3,5-Ethanoproline 5.3.2
(1S,3S,4R)-Ethyl 2-((R)-1-phenylethyl)-2-azabicyclo[2.2.1]hept-5-ene-3-carboxylate, 75a, and 
(1R,3R,4S)-Ethyl 2-((R)-1-phenylethyl)-2-azabicyclo[2.2.1]hept-5-ene-3-carboxylate, 75b  
 
 
R-(+)-Phenylethylamine (13.5 ml, 100.5 mmol) and freshly distilled ethyl glyoxylate (9.7 ml, 100 
mmol) were dissolved in CH2Cl2 (400 ml), containing activated 3Å molecular sieve beads (6 g), 
under argon and at 0°C. The solution was further cooled to -78°C followed by addition of 
trifluoroacetic acid (7.8 ml, 100.5 mmol), BF3.OEt (13.3 ml, 100.5 mmol) and freshly prepared 
cyclopentadiene (11 ml, 130 mmol). The reaction mixture was stirred at -78°C for five hours 
before warming to room temperature. The reaction mixture was filtered and the filtrate washed 
sequentially with saturated aq. sodium bicarbonate and brine, which were combined and 
extracted with CH2Cl2. The combined organics were dried over anhydrous MgSO4 and were then 
filtered, and evaporated under reduced pressure, 1H NMR indicated a ca. 5:1 mixture of 
isomers. The crude product was purified several times via flash column chromatography (97:3, 
hexane:ethyl acetate) to afford 75a (18.9 g, 70 %) and 75b (3.79 g, 14 %) as clear oils; 
75a: max /cm
-1 3058, 2991, 2837, 1731; H (400 MHz, CDCl3) 7.32-7.17 (5H, m, Ph), 6.46-6.44 
(1H, m, NCHCH=CH), 6.30 (1H, dd, J 5.6, 1.8, NCHCH=CH), 4.33 (1H, m, NCHCH=CH), 3.89-378 
(2H, m, OCH2CH3), 3.06 (1H, q, J 6.5, CHPh), 2.93 (1H, m, NCHCHCH=CH), 2.23 (1H, s, CHCO2Et), 
2.15 (1H, dt, J 1.5, 8.4, H7b), 1.45-1.43 (4H, m, PhCHCH3 and H7b), 0.98 (3H, t, J 7.2, OCH2CH3); C 
(100 MHz, CDCl3) 174.7 (CO), 145.5 (Ph), 136.8 (CH), 133.3 (CH), 128.4 (Ph), 128.3 (Ph), 127.3 
(Ph), 65.4 (CH), 64.3 (CHPh), 62.9 (CH), 60.61 (CH2), 49.4 (CH), 45.7 (CH2), 22.9 (CH3), 14.35 (CH3); 
m/z (ES+) Found: MH+, 272.1643. C17H22NO2 requires 272.1651;  0.8 ppm. These data are 
consistent with literature values.197 
75b: H (400 MHz, CDCl3) 7.46-7.25 (5H, m, Ph), 6.46-6.40 (1H, NCHCH=CH), 6.06 (1H, dd J 5.5, 
1.8, NCHCH=CH), 4.27 (2H, q, J 7.1, CO2CH2CH3), 3.56 (1H, d, J 1.4, NCHCH=CH), 3.11 (1H, d, J 1.2, 
NCHCHCH=CH), 3.06 (1H, q, J6.5, CHPh), 2.49 (1H, s, CHCO2Et), 1.94 (1H, d, J 8.2, H7b), 1.34 (3H, 
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t, J 7.1, OCH2CH3), 1.25 (3H, d, J 6.5, PhCHCH3), 1.24 (1H, d, J8.3, H7a); C (100 MHz, CDCl3) 175.1 
(CO), 145.3 (Ph), 136.2 (CH), 134.0 (CH), 128.6 (Ph), 127.8 (Ph), 127.3 (Ph), 64.6 (CH), 63.8 (CH), 
63.7 (CH), 60.9 (CH2), 49.9 (CH), 46.0 (CH2), 24.1 (CH3), 14.6 (CH3). These data are consistent with 
literature values.197 
 
Ethyl (1S, 3R, 4R)-2-Azabicyclo[2.2.1]heptane-3-carboxylate, 76 
 
 
 
A solution of 75a (6.72 g, 24.8 mmol) in absolute ethanol (300 ml) was stirred under a hydrogen 
pressure of 100 psi at room temperature for 48 h in the presence of 5 wt% Pd/C (1.34 g, 10 wt 
%). Pd/C was removed by filtration through Celite. Evaporation of the solvent under reduced 
pressure and via column chromatography (neat ethyl acetate 1% triethylamine as eluent) 
purification afforded ester 76 (2.2 g, 52 %) as a viscous yellow oil; max /cm
-1 2792, 1728; δH (400 
MHz, CDCl3) 4.16 (2H, q, J 7.1, CO2CH2CH3), 3.52 (1H, br s, NHCHCH2), 3.30 (1H, s, CHCO2Et), 2.66 
– 2.56 (1 H, m, CO2EtCHCH), 2.06 (1H, br s, NH), 1.64-1,55 (2H, m, CH2CH2 and CH2CH2), 1.48-1.43 
(2H, m, CH2CH2 and CH2CH2), 1.40-1.36 (1H, m, CHCH2CH), 1.25 (3H, t, J 7.1, CO2CH2CH3), 1.23 (1 
H, br d, J 9.8, CHCH2CH); C (100 MHz, CDCl3) 174.5 (CO), 63.6 (CH), 61.0 (CH2), 56.3 (CH), 41.8 
(CH), 36.7 (CH2), 31.0 (CH2), 28.5 (CH2), 14.2 (CH3); m/z (ESI+) Found: MH
+, 170.1178. C9H16NO2 
requires 170.1181;  0.3 ppm. These data are consistent with literature values.198 
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(1S,3S,4R)-2-Azabicyclo[2.2.1]heptane-3-carboxylic acid, 51 
 
 
 
Ester 76 (350 mg, 2.07 mmol) was dissolved in ethanol (7 ml) with LiOH.H2O (175 mg, 4.14 
mmol) and was left to stir overnight. The reaction mixture was quenched with 1M HCl to pH 1, 
washed with CH2Cl2 and the aqueous layer concentrated under reduced pressure to yield the 
product as its hydrochloride salt. A 10Gm SCX Varian Bond Elut column was activated by elution 
of 100 ml 1M HCl. The compound was charged to this column in 1M HCl, washed with 100 ml 
H2O then 100 ml 10% aq. NH3 solution. The NH3 solution was collected and concentrated under 
reduced pressure to yield the product 51 (0.27 g, 92 %); m.p. > 340 °C (decomp.); max /cm
-1 
3035 (br), 1598; δ H (400 MHz, MeOD) 4.12 (1 H, t, J 2.1, NHCHCH2), 3.58 (1 H, s, CHCO2Et), 2.97 
– 2.84 (1 H, m, NHCHCH), 1.67 (4 H, m, CH2), 1.60 (2 H, dt, J 13.1, 7.6, CH2); C (100 MHz, MeOD) 
176.8 (CO), 67.6 (CH), 31.8 (CH), 43.6 (CH), 37.1 (CH2), 29.6 (CH2), 28.3 (CH2); m/z (ESI+) Found: 
MH+ 142.0866. C7H12NO2 requires M
+ 142.0868; 0.2 ppm. These data are consistent with 
literature values.156 
 
(2R,3S,5R,8S,8aS)-2,3-Bis(4-nitrophenyl)hexahydro-2H-5,8-methanooxazolo[3,2-a]pyridine, 
78a, and (2S,3S,5R,8S,8aS)-2,3-Bis(4-nitrophenyl)hexahydro-2H-5,8-methanooxazolo[3,2-
a]pyridine, 78b 
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To a solution of catalyst 51 (14.1 mg, 0.1 mmol) in DMSO (0.3 ml) was added a solution of p-
nitrobenzaldehyde (75.5 mg, 0.5 mmol) in DMSO (0.3 ml). The reaction mixture was left for 48 
hours, quenched with saturate ammonium chloride, and extracted with ethyl acetate. The 
combined organic fractions were dried over MgSO4, filtered, and concentrated under reduced 
pressure. Column chromatography (7:1, hexane:ethyl acetate) resulted in two separable 
diastereomers, 78a and 78b, in a 1:1 ratio, as a clear oil (10 mg, 8 %). 
78a: δ H (400 MHz, CDCl3) 8.10 – 7.88 (4 H, m, Ph), 7.44 – 7.32 (2 H, m, Ph), 7.25 – 7.11 (2 H, m, 
Ph), 5.54 (1 H, d, J 7.4, OCHAr), 5.02 (1 H, br s, NCHO), 4.65 (1 H, d, J 7.4, NCHAr), 3.31 (1 H, br s, 
NCHCH2), 2.64 (1 H, br s, NCHCHCH2), 1.88 (1 H, m, H7b), 1.76 – 1.30 (4 H, m, CH2), 1.40 (1 H, m, 
H7b); δ C (101 MHz, CDCl3) 128.4 (Ph), 123.3 (Ph), 123.2 (Ph), 101.1 (CH), 82.6 (CH), 71.2 (CH), 
63.1 (CH), 42.3 (CH), 31.6 (CH2), 29.7 (CH2),f 23.1 (CH2); m/z (ESI+) Found: MH
+, 382.1393. 
C20H20N3O5 requires 382.1403; 1.0 ppm. 
78b: δ H (400 MHz, CDCl3) 8.20-8.13 (4 H, m, Ph), 7.46 – 7.38 (2 H, m, Ph), 7.36 – 7.31 (2 H, m, 
Ph), 4.81 (1 H, br s, NCHO), 4.52 (1 H, d, J 8.9, OCHPh), 3.67 (1 H, d, J 8.9, NCHPh), 3.17 (1 H, br s, 
NCHCH2), 2.71 (1 H, d, J 4.2, OCHCHCH2), 1.94 (1 H, br d, J 10.2, H7b), 1.73-1.63. (1 H, m, CH2), 
1.63 – 1.53 (1 H, m, CH2), 1.53-1.43 (1 H, m, CH2), 1.3-1.31 (1 H, m, CH2), 1.30 – 1.25 (1 H, br d, J 
10.2, H7a); δ C (101 MHz, CDCl3) 151.1 (Ph), 148.0 (Ph), 147.7 (Ph), 144.5 (Ph), 140.1 (Ph), 128.7 
(Ph), 127.3 (Ph), 123.8 (Ph), 123.6 (Ph), 100.0 (CH), 84.8 (CH), 77.0 (CH), 76.0 (CH), 61.9 (CH), 
41.5 (CH), 31.2 (CH2), 29.6 (CH2), 22.8 (CH2). 
 
General procedure for intermolecular aldol reaction 
To a stirring solution of catalyst (30 mol%) and aldehyde (0.5 mmol) in DMSO (4 ml), ketone (1 
ml, 20 vol%) was added. The reaction mixture was left stirring for 72-168 h under nitrogen. The 
reaction was quenched with aq. NH4Cl solution (50 ml) and extracted with ethyl acetate (2 x 50 
ml). The combined organic phases were dried over anhydrous MgSO4, filtered, the solvent 
evaporated under reduced pressure, and the crude mixture was purified using flash 
chromatography eluting with a mixture of hexane and ethyl acetate to afford the pure product. 
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General procedure for intramolecular aldol 
To a stirring solution of catalyst (30 mol%) in DMSO (5 ml), the starting material was added (0.5 
mmol). The reaction was left stirring for 72-168 h under nitrogen. The reaction was quenched 
with saturated aq. NH4Cl solution (50 ml), and extracted with ethyl acetate (2 x 50 ml). The 
combined organic phases were dried over anhydrous MgSO4, filtered, the solvent evaporated 
under reduced pressure, and the crude mixture was purified using flash chromatography eluting 
with a mixture of hexane and ethyl acetate to afford the pure product. 
 
General procedure for conjugate addition reaction 
To a stirring solution of catalyst (30 mol%) and trans-β-nitrostyrene (0.5 mmol) in DMSO (5 ml), 
aldehyde or ketone (1 mmol) was added. The reaction mixture was left stirring for 72-168 h 
under nitrogen. The reaction was quenched with saturated aq. NH4Cl solution (50 ml), and 
extracted with ethyl acetate (2 x 50 ml). The combined organic phases were dried over 
anhydrous MgSO4, filtered, the solvent evaporated under reduced pressure, and the crude 
mixture was purified using flash chromatography eluting with a mixture of hexane and ethyl 
acetate to afford the pure product. 
 
General procedure for Mannich reaction 
To a stirring solution of catalyst (30 mol%), p-anisidine (0.55 mmol), p-nitrobenzaldehyde (0.5 
mmol) in DMSO (4 ml), hydroxyacetone (1 ml, 20 vol%, 14.6 mmol) was added. The reaction 
mixture was left stirring for 168 h under nitrogen. The reaction was quenched with saturated 
NH4Cl (50 ml), solution and extracted with ethyl acetate (2 x 50 ml). The combined organic 
phases were dried over anhydrous MgSO4, filtered, the solvent evaporated under reduced 
pressure, and the crude mixture was purified using flash chromatography eluting with a mixture 
of hexane and ethyl acetate (3:2 – 2:1) to afford the pure product. 
 
General procedure for amination reaction 
To a stirred solution of catalyst (30 mol%) in DMSO (5 ml) at 0°C, DEAD (2 mmol) and propanal 
(6 mmol) were added. The reaction mixture was left stirring for 24 h under nitrogen. The 
reaction was quenched with 10 ml saturated NH4Cl solution (10 ml), and extracted with CH2Cl2 (2 
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x 10 ml). The organic phase was stirred with an equal volume of methanol and NaBH4 (4 eq.) 
were added. The mixture was stirred for 30 minutes, quenched with an equal volume of 1M 
NaOH and was left to stir overnight. 
 
4-Hydroxy-4-(4’-nitrophenyl)-butan-2-one, 77 
 
 
 
max /cm
-1 3438, 1709, 1518, 1347; δH (400 MHz, CDCl3) 8.30 – 8.17 (2 H, m, Ph), 7.58 – 7.50 (2 H, 
m, Ph), 5.26 (1 H, dt, J 7.5, 3.2, CHOH), 3.59 (1 H, d, J 3.2, OH), 2.94 – 2.77 (2 H, m, CH2), 2.22 (3 
H, s, CH3); C (100 MHz, CDCl3) 208.6, 149.9, 147.3, 126.4, 123.8, 77.3, 77.3, 77.0, 77.0, 76.7, 
68.9, 51.5, 30.7; HPLC Conditions: AD column, Flow Rate = 1 ml min-1, Solvent System = 80:20 
(hexane:IPA), 212 nm, flow rate 1.0 ml min-1, tR, Major = 23.5 min, tR Minor = 18.5 min. These data 
are consistent with literature values.199 
 
3,4-Dihydroxy-4-phenylbutan-2-one, 80 
 
 
 
Syn-80: max /cm
-1 3411, 1712; δH (400 MHz, CDCl3) 7.50 – 7.28 (5 H, m, Ph), 5.00 (1 H, m, 
OHCHCO), 4.48 (1 H, t, J 4.5, OHCHPh), 3.62 (1 H, d, J 5.0, OH), 2.76 (1 H, br s, OH), 1.97 (3 H, s, 
CH3); C (100 MHz, CDCl3) 207.7, 170.6, 139.9, 128.7, 128.3, 126.3, 126.2, 81.0, 80.7, 77.4, 77.2, 
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77.0, 76.7, 75.0, 74.1, 60.4, 27.7, 26.3; Anti-80: max /cm
-1 3411, 2942, 1712, 1358, 1054, 709; δH 
(400 MHz, CDCl3) 7.46 – 7.29 (5 H, m, Ph), 5.00 (1 H, m, OHCHCO), 4.39 (1 H, dd, J 4.7, 3.3, 
OHCHPh), 3.66 (1 H, d, J 5.0, OH), 2.69 (1 H, d, J 6.8, OH), 2.23 (3 H, s, CH3); HPLC Conditions: AD 
column, Flow Rate = 1 ml min-1, Solvent System = 97:3 (hexane:IPA), 212 nm, flow rate 1.0 ml 
min-1,tR, Major = 43.7 min (Anti – Un-separated Enantiomers), tR, Major = 77.2 min (Syn), tR Minor = 52.6 
min (Syn). These data are consistent with literature values.200 
 
3a-Hydroxy-7a-(4-methoxybenzyl)hexahydro-1H-indene-1,5(6H)-dione, 81 
 
 
 
max /cm
-1 3439, 2960, 1722,; δH (400 MHz, CDCl3) 7.16 (2 H, d, J 8.5, Ph), 6.82 (2 H, d, J 8.4, Ph), 
3.78 (2 H, s), 3.09 – 2.96 (2 H, m), 2.65 – 2.35 (5 H, m), 2.25 – 2.14 (2 H, m), 2.04 – 1.90 (2 H, m), 
1.82 (2 H, t, J 7.0); C (100 MHz, CDCl3) 217.0, 208.9, 158.6, 131.5, 128.5, 113.8, 82.2, 77.4, 77.3, 
77.0, 76.7, 56.5, 55.2, 51.4, 37.1, 36.0, 34.3, 33.6, 27.7; HPLC Conditions: OD-H column, Flow 
Rate = 1 ml min-1, Solvent System = 97:3 (hexane:IPA), 212 nm, flow rate 1.0 ml min-1, tR, Major = 
34.5 min, tR Minor = 27.6 min. These data are consistent with literature values.
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5-Nitro-4-phenylpentan-2-one, 82 
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δH (400 MHz, CDCl3) 7.43 – 7.20 (5 H, m, Ph), 4.73 (1 H, dd, J 12.3, 6.9, CH2NO2), 4.64 (1 H, dd, J 
12.3, 7.7, CH2NO2), 4.04 (1 H, p, J 7.2, CHPh), 2.95 (2 H, d, J 7.0, CH2CO), 2.15 (3 H, s, CH3); C 
(100 MHz, CDCl3) 205.4, 138.8, 129.1, 127.9, 127.4, 79.5, 46.1, 39.1, 30.4; HPLC Conditions: AS-H 
column, Flow Rate = 1 ml min-1, Solvent System = 65:35 (hexane:IPA), 212 nm, flow rate 1.0 ml 
min-1, tR, Major = 10.3 min, tR Minor = 12.3 min. These data are consistent with literature values.
24 
 
3-Methyl-5-nitro-4-phenylpentan-2-one, 83 
 
 
 
Syn-83: max /cm
-1 3034, 1713, 1552; δH (400 MHz, CDCl3) 9.74 (1 H, d, J 1.9, CHO), 7.42 – 7.28 (3 
H, m, Ph), 7.28 – 7.17 (2 H, m, Ph), 4.88 – 4.67 (2 H, m, CH2NO2), 3.92 – 3.80 (1 H, m, CHPh), 2.81 
(1 H, m, CHCO), 1.03 (3 H, d, J 7.3, CH3); C (100 MHz, CDCl3) 202.4, 202.3, 136.9, 136.6, 129.1, 
128.1, 78.1, 48.4 44.0, 12.2; 
 
Anti-83: max /cm
-1 3034, 1713, 1552; δH (400 MHz, CDCl3) 9.57 (1 H, d, J 1.9), 7.42 – 7.28 (9 H, 
m), 7.28 – 7.17 (6 H, m), 4.88 – 4.67 (6 H, m), 3.92 – 3.80 (3 H, m), 2.81 (3 H, m), 1.24 (3 H, d, J 
7.2); HPLC Conditions: AD-H column, Flow Rate = 1 ml min-1, Solvent System = 99:01 
(hexane:IPA), 212 nm, flow rate 1.0 ml min-1, tR Major = 86.2 min (Anti), tR Minor = 65.8 min (Anti), tR 
Major = 91.2 min (Syn), tR Minor = 82.1 min (Syn). These data are consistent with literature values.
201 
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2-(2-Nitro-1-phenylethyl)cyclohexanone, 84 
 
 
 
max /cm
-1 2942, 2866, 1707; δ H (400 MHz, CDCl3) 7.36 – 7.22 (7 H, m), 7.20 – 7.14 (2 H, m), 4.94 
(1 H, dd, J 12.5, 4.5), 4.63 (1 H, dd, J 12.5, 10.0), 3.76 (1 H, dt, J 4.5, 10.0), 2.80 – 2.62 (1 H, m), 
2.53 – 2.23 (1 H, m), 2.14 – 2.01 (1 H, m), 1.83 – 1.50 (5 H, m), 1.45 – 1.17 (1 H, m); C (100 MHz, 
CDCl3) 211.9, 137.8, 128.9, 128.2, 127.8, 78.9, 52.6, 44.0, 42.8, 33.1, 28.5, 25.1; HPLC 
Conditions: AS-H column, Flow Rate = 1 ml min-1, Solvent System = 97:3 (hexane:IPA), 212 nm, 
flow rate 1.0 ml min-1, tR, Major = 26.9 min (Anti), tR Minor = 34.0 min (Anti), tR Minor = 39.1 min (Syn 
un-separated isomers); m/z (ESI+) Found: MH+ 248.1288. C14H17NO3 requires
 248.1287; 0.1 
ppm. These data are consistent with literature values.202  
 
3-Hydroxy-4-(p-methoxyphenyamino)-4-(p-nitrophenyl)butan-2-one, 85 
 
 
 
Syn-85: max /cm
-1 3380, 1715, 1513; δ H (400 MHz, CDCl3) 8.29 – 8.12 (2 H, m, PhNO2), 7.60 – 
7.48 (2 H, m, PhNO2), 6.74 – 6.65 (2 H, m, PhOCH3), 6.52 – 6.42 (2 H, m, PhOCH3), 5.01 (1 H, d, J 
2.3, CHOH), 4.48 – 4.39 (1 H, m, CHNH), 3.91 (1 H, br s, OH), 3.68 (3 H, s, OCH3), 2.38 (3 H, s, 
CH3CO); C (100 MHz, CDCl3) 206.4, 152.9, 147.4, 147.3, 139.2, 128.2, 123.9, 115.2, 115.0, 80.0, 
58.7, 55.6, 24.9; HPLC Conditions: AD-H column, Flow Rate = 1 ml min-1, Solvent System = 90:10 
(hexane:IPA), 212 nm, flow rate 1.0 ml min-1, tR, Major = 42.2 min, tR Minor = 52.2 min; m/z (ESI+) 
Found: MH+, 331.1283. C17H19N2O5 requires
 331.1294; 1.1 ppm.  
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Anti-85: max /cm
-1 3390, 1713, 1514; δ H (400 MHz, CDCl3) 8.18 – 8.12 (2 H, m, PhNO2), 7.50 – 
7.41 (2 H, m, PhNO2), 6.74 – 6.65 (2 H, m, PhOMe), 6.59 – 6.46 (2 H, m, PhOMe), 4.89 (1 H, d, J 
3.3, CHOH), 4.73 (1 H, d, J 3.3, CHNH), 3.69 (3 H, OCH3), 3.53 (1 H, br s, OH), 2.24 (3 H, s, CH3CO); 
C (100 MHz, CDCl3) 206.4, 153.0, 147.7, 145.2, 139.4, 128.5, 123.7, 115.7, 114.9, 79.5, 60.1, 
55.6, 26.7; HPLC Conditions: AD-H column, Flow Rate = 1 ml min-1, Solvent System = 90:10 
(hexane:IPA), 212 nm, flow rate 1.0 ml min-1, tR, Major = 66.4 min, tR Minor = 74.8 min; m/z (ESI+) 
Found: MH+, 331.1288. C17H19N2O5 requires
 331.1294; 0.6 ppm. These data are consistent with 
literature values.203 
 
3-(Ethoxycarbonylamino)-4-methyl-2-oxazolidinone, 86 
 
 
 
δH (400 MHz, CDCl3) 7.15 (1 H, s), 4.47 (1 H, t, J 8.3), 4.18 (2 H, q, J 7.1), 4.08 (1 H, s), 3.88 (1 H, t, 
J 8.3), 1.27 (3 H, d, J 7.1), 1.25 (3 H, t, J 7.1); C (100 MHz, CDCl3) 157.6, 155.7, 68.7, 62.5, 52.9, 
16.9, 14.3; Enantiomeric excess was determined by chiral GC using a Chrompack CP-Chirasil Dex 
C(R) column , tR Major = 60.65 min, tR Minor = 64.56 min. These data are consistent with literature 
values.20 
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 Organocatalysed α-Selenation Reaction 5.4
N-(Phenylseleno)phthalimide, 109 
 
 
 
Phenylselenyl chloride (2.87 g, 15 mmol) and potassium phthalimide (3 g, 16.2 mmol) were 
dissolved in hexane (15 ml). The mixture was stirred vigorously under argon for two hours at 
room temperature. CH2CL2 (100 ml) was added, the solution as stirred and filtered through 
Celite. The filtrate was discarded and the solution concentrated under reduced pressure. The 
concentrate was diluted with 100 ml hexane, the filtrate collected and washed thoroughly with 
hexane. The collected solid was triturated in warm ethanol (50 ml, 30-40 C) for five minutes to 
afford 109 (3.3 g, 73%) as an off-yellow solid; m.p. 171-175 °C (decomp.); max /cm
-1 3056, 1712; 
δ H (400 MHz, CDCl3) 7.91-7.86 (2H, m), 7.85-7.82 (2H, m), 7.75-7.70 (2H, m), 7.38-7.30 (3H, m); 
C (101 MHz, CDCl3) 169.1, 134.5, 134.3, 132.6, 130.0, 129.5, 123.8; m/z (EI) 303 (M+), 157, 147, 
130, 104, 76, 50. These data are consistent with literature values.184 
 
General procedure for α-selenation reaction in calorimeter 
 
 
 
A stock solution of NPSP, or appropriate selenium source (concentration and volume depending 
on conditions under investigation), was injected into the calorimeter vial. Freshly distilled 
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aldehdye (concentration and volume depending on conditions under investigation) and a stock 
solution of additive in solvent (concentration and volume depending on conditions under 
investigation) were added. A solution of catalyst (10 - 20 mol %) in the appropriate solvent was 
made and an aliquot (0.1 ml) was drawn into a syringe. Both vial and syringe full of catalyst were 
placed in the calorimeter, magnetic stirring was initiated, and their temperature was allowed to 
equilibrate over a period of 45 minutes. The catalyst was injected to initiate the reaction. Upon 
completion, the vial was removed from the calorimeter and a sample (0.5 ml) was taken and 
added to a solution of NaBH4 (ca. 2 equivs) in methanol (0.5 ml). This solution was stirred for 10 
minutes before being quenched with brine (1 ml). The resulting solution was extracted with Et2O 
(2 ml) which was then dried over MgSO4 and filtered. The ee of the resulting alcohol was 
determined via HPLC chromatography. 
3-Methyl-2-(phenylseleno)butyraldehyde, 112 
 
 
 
Clear oil; δ H (400 MHz, CDCl3) 9.40 (1 H, d, J 5.0, CHO), 7.60 – 7.48 (2 H, m, Ph), 7.38 – 7.25 (3 H, 
m, Ph), 3.42 (1 H, dd, J 8.8, 5.0, CHSePh), 2.17-2.04 (1 H, m, CH(CH3)2), 1.23 (3 H, d, J 6.7, CH3), 
1.12 (3 H, d, J 6.6, CH3); δ C (101 MHz, CDCl3) 192.5 (CO), 135.4 (Ph), 129.3 (Ph), 128.6 (Ph), 126.8 
(Ph), 61.9 (CH), 27.2 (CH2), 21.4 (CH3), 21.2 (CH3). These data are consistent with literature 
values.204 
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3-Methyl-2-(phenylselanyl)butan-1-ol, 113 
 
 
 
Clear oil; δH (400 MHz, CDCl3) 7.66 – 7.54 (2 H, m, Ph), 7.35 – 7.21 (3 H, m, Ph), 3.83 – 3.63 (2 H, 
m, CH2OH), 3.19 (1 H, dt, J 7.3, 5.5, CHSePh), 2.10 (1 H, br s, OH), 2.15-1.98 (1 H, m, CH(CH3)2), 
1.09 (6 H, dd, J 8.6, 6.7, CH3); δC (101 MHz, CDCl3) 134.6, 129.1, 127.6, 63.3, 60.1, 30.0, 21.2, 
20.6; HPLC Conditions: AD column, Flow Rate = 1 ml min-1, Solvent System = 95:05 (hexane:IPA), 
212 nm, tR (R) = 7.8, tR (S) = 8.8. These data are consistent with literature values.
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(Phenylseleno)propanal, 119 
 
 
 
Clear oil; δ H (400 MHz, CDCl3) 9.46 (1 H, d, J 2.9), 7.55 – 7.49 (2 H, m), 7.43 – 7.37 (3 H, m), 3.76 
– 3.68 (1 H, m), 1.47 (3 H, d, J 6.9). These data are consistent with literature values.204 
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2,2-Bis(phenylseleno)-propanal, 120 
A major side product in the α-selenation of propanal was the di-selenated product, 120, 
diselenation did not occur when isovaleraldehyde was used as the carbonyl donor. 
 
 
Clear oil: δ H (400 MHz, CDCl3) 9.31 (1 H, s, CHO), 7.60 – 7.57 (4 H, m, Ph), 7.33 – 7.28 (6 H, m, 
Ph), 1.63 (3 H, s, CH3). These data are consistent with literature values.
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(S)-N-Ethoxycarbonylproline methyl ester, 114 
 
 
 
To a solution of proline 1 (12.5 g, 109 mmol) in methanol (150 ml) was added potassium 
carbonate (15 g. 109 mmol). The solution was cooled to 0°C and ethyl chloroformate (22.8 ml, 
239 mmol) was added dropwise. The mixture was allowed to warm to room temperature and 
was left stirring overnight. Methanol was removed under reduced pressure, the residual oil was 
dissolved in water and extracted with CH2Cl2. Organic fractions were combined, dried over 
MgSO4, filtered and concentrated under reduced pressure to yield the proline ester 114 as a 
clear, viscous oil (18.5 g, 85 %). The compound is a mixture of rotamers (ca. 1:1) at the amide 
bond; max /cm
-1 2983, 1745, 1695; H (400 MHz, CDCl3) 4.36 (1 H, dd, J 3.6, 8.8, CHN), 4.30 (1 H, 
dd, J 3.6, 8.8, CHN), 4.22-4.02 (4 H, m, CH2CH3), 3.73 (3 H, s, OCH3), 3.71 (3 H, s, OCH3), 3.62-3.40 
(4 H, m, CH2N), 2.28-1.84 (8 H, m, pyrrolidine ring), 1.26 (3 H, t, J 7.0, CH2CH3), 1.19 (3 H, t, J 7.0, 
CH2CH3); C (100 MHz, CDCl3) 175.0 and 173.8 (CO), 155.0 (CO), 62.3 and 61.7 and 61.6 (CH2), 
59.6 and 59.3 and 59.1 (CH), 52.5 and 52.4 (CH3), 47.0 and 46.6 (CH2), 31.2 and 30.25 and 29.3 
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(CH2), 24.6 and 23.8(CH2), 15.0 and 14.9 (CH3). These data are consistent with literature 
values.206 
 
(S)-α,α-Bis(4-methoxyphenyl)-2-pyrrolidinemethanol, 15c 
 
 
Proline ester 114 (2 g, 9.94 mmol) was dissolved in THF (20 ml) and cooled to 0°C. Arylgrignard 
(40 ml, 19.9 mmol) was added via pressure equalising dropping funnel over 30 minutes. The 
reaction mixture was stirred for 4 hours at 0°C. The reaction was quenched with water (100 ml) 
and extracted with chloroform (3 x 100 ml). The organic fractions were combined, dried over 
MgSO4, filtered and the solvent removed under reduced pressure to afford 115 as a dark yellow 
oil, used in the next step without further purification; max /cm
-1 2963, 1743; δ H (400 MHz, 
CDCl3) 7.45 – 7.40 (2 H, m, Ph), 7.31 – 7.24 (2 H, m, Ph), 6.90 – 6.85 (4 H, m, Ph), 4.50 (1 H, dd, J 
10.4, 5.5, NCH), 3.81 (3 H, s, OCH3), 3.80 (3 H, s, OCH3), 3.79 – 3.65 (1 H, m, NCH2), 3.27 (1 H, 
ddd, J 11.4, 9.4, 3.7, NCH2), 2.14 – 1.75 (2 H, m, CH2), 1.75 – 1.60 (1 H, m, CH2), 1.21 – 1.04 (1 H, 
m, CH2); δC (101 MHz, CDCl3) 160.1, 158.9, 158.4, 135.2, 132.2, 127.0, 126.3, 113.3, 113.0, 85.2, 
76.9, 76.3, 68.9, 54.7, 54.8, 45.6, 28.5, 24.4; m/z (ESI+) Found: M+, 340.1547. C20H22NO4 requires 
340.1549;  0.2 ppm. 
To a stirred solution of 115 in MeOH (100 ml), KOH was added (5.5 g, 99.4 mmol), and the 
reaction mixture refluxed overnight. The reaction mixture was allowed to cool and the methanol 
was removed under reduced pressure. The resulting residue was dissolved in water (100 ml) and 
extracted with chloroform. The organic fractions were combined, dried over MgSO4, filtered, 
and the solvent removed under reduced pressure to afford 15c (2.69 g, 86 %) as a colourless, 
viscous oil; [α]D
21 = - 52 (c 1.0, CHCl3);  max /cm
-1
 3354, 2954, 2871, 2837, 1606; δH (400 MHz, 
CDCl3) 7.56 – 7.45 (2 H, m, Ph), 7.45 – 7.35 (2 H, m, Ph), 6.93 – 6.78 (4 H, m, Ph), 4.21 (1 H, t, J 
7.6, CH), 3.79 (3 H, s, OCH3), 3.79 (3 H, s, OCH3), 3.17 (1 H, s, NH), 3.11 – 2.91 (2 H, m, CH2), 1.84 
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– 1.53 (4 H, m, CH2); δC (101 MHz, CDCl3) 158.0 (C), 140.6 (C), 138.1 (C), 127.0 (CH), 126.6 (CH), 
113.6 (CH), 113.3 (CH), 64.7 (CH3), 55.2 (CH3), 46.8 (CH2), 26.3 (CH2), 25.5 (CH2); m/z (ESI+) 
Found: M+, 314.1747 C20H22NO4 requires 314.1756;  0.9 ppm.  
 
(S)-2-[Bis(4-methoxyphenyl)-trimethylsilyloxy-methyl]-pyrrolidine, 16c 
 
 
 
To a solution of alcohol 15c (926 mg, 2.95 mmol) in CH2Cl2 (25 ml) and freshly distilled 
triethylamine (0.53 ml, 3.84 mmol) was added TMSCl (0.49 ml, 3.84 mmol) at 0°C. The reaction 
was left overnight at room temperature, quenched with water (25 ml), and extracted with 
CH2Cl2. The combined organics were dried over MgSO4, filtered, and the solvent removed under 
reduced pressure. The resulting yellow oil was purified via flash chromatography (5% 
MeOH:CH2Cl2, followed in a separate column by 3:1, hexane:ethyl acetate, 1 % triethylamine) to 
afford 16c as a viscous, clear oil (312 mg, 27 %); [α]D
21 = -14 (c 1.9, CHCl3); max /cm
-1
 2954, 2837, 
1608, 1508; δH (400 MHz, CDCl3) 7.41 – 7.30 (2 H, m, Ph), 7.31 – 7.22 (2 H, m, Ph), 6.86 – 6.74 (4 
H, m, Ph), 4.04 (1 H, t, J 7.3, CH), 3.79 (3 H, s, OCH3), 3.79 (3 H, s, OCH3), 2.92 – 2.79 (1 H, m, 
CH2), 2.76 – 2.65 (1 H, m, CH2), 1.70 – 1.53 (3 H, m, CH2), 1.40 – 1.28 (1 H, m, CH2), -0.11 (9 H, s, 
Si(CH3)3); δC (101 MHz, CDCl3) 158.5 (C), 129.7 (CH), 129.1 (CH), 112.9 (CH), 112.8 (CH), 65.8 
(CH), 55.2 (CH3), 47.2 (CH2), 27.6 (CH2), 25.1 (CH2), 2.1 (CH3); m/z (ESI+) Found: MH
+, 386.2138. 
C22H32NO3Si requires 386.2151;  1.3 ppm. 
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(S)-(-)-α,α-Diphenyl-2-pyrrolidinemethanol, 15a 
 
 
 
TMS protected 16a (788 mg, 2.42 mmol) was dissolved in THF (10 ml) and stirred for 3 h. The 
reaction was quenched with 1m HCl, neutralised with sat. aq NaHCO3, and extracted with 
CH2Cl2. The organic layer were combined, dried over MgSO4, filtered, and concentrated under 
reduced pressure. Purification via column chromatography (5% MeOH:CH2Cl2) yielded alcohol 
15a (314 mg, 51 %); max /cm
-1
 3429, 2972, 2869; δ H (400 MHz, CDCl3) 7.71 – 7.60 (2 H, m, Ph), 
7.60 – 7.48 (2 H, m, Ph), 7.41 – 7.26 (4 H, m, Ph), 7.26 – 7.14 (2 H, m, Ph), 4.35 (1 H, t, J 7.6, CH), 
4.17 – 3.50 (1 H, br s, OH), 3.15 – 2.93 (2 H, m, pyrrolidine ring), 1.87 – 1.53 (4 H, m, pyrrolidine 
ring); C (100 MHz, CDCl3); 148.2 (Ph), 145.4 (Ph), 128.3 (Ph), 128.0 (Ph), 126.5 (Ph), 126.4 (Ph) 
125.8 (Ph), 125.6 (Ph), 64.5 (CH), 46.8 (CH2), 26.3 (CH2), 25.5 (CH2); m/z (ESI+) Found: M
+, 
254.1536. C17H20NO requires 254.1545;  0.9 ppm. These data are consistent with literature 
values.207 
 
3-Isobutyl-1,1-diarylhexahydropyrrolo[1,2-c]oxazole formation, detected via in situ NMR 
spectroscopy, 18 
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Catalyst (30 µmol) and dibenzyl ether (30 µmol) were mixed in an NMR tube in CDCl3 (0.4 ml). 
After one spectra was taken, freshly distilled isovaleraldehyde was added (60 µmol) and further 
spectra were recorded over an appropriate time period. 
Using the general procedure above, the following compounds were prepared and data were 
obtained: 
 
 
 
δ H (400 MHz, CDCl3) 7.62 – 7.53 (2 H, m, Ph), 7.42 – 7.24(7 H, m, Ph), 7.19 – 7.12 (1 H, m, Ph), 
4.58 – 4.53 (2 H, m, NCHO and NCHC), 2.98 – 2.86 (2 H, m, NCH2), 2.05 – 1.85 (3 H, m, CHCH2CH 
and CCHCH2), 1.83 – 1.71 (2 H, m, CH2), 1.69-1.55 (1 H, m, CCHCH2), 1.44 – 1.32 (1 H, m, 
CH(CH3)2), 1.08 (3 H, d, J 6.6, CH(CH3)2), 0.98 (3 H, d, J 6.6, CH(CH3)2). 
 
 
 
δ H (400 MHz, CDCl3) 8.14 – 7.75 (6 H, m, Ph), 4.50 (1 H, dd, J 7.6, 4.1, NCHO), 4.40 (1 H, dd, J 8.0, 
5.7, NCHC), 2.94-2.87 (1 H, m, NCH2), 2.78 (1 H, ddd, J 10.8, 8.7, 6.3, NCH2), 2.11 (1 H, dtd, J 13.2, 
8.1, 2.9, CCHCH2), 2.01 – 1.89 (2 H, m, CHCH2CH), 1.86-1.72 (2 H, m, CH2), 1.67 – 1.56 (1 H, m, 
CCHCH2), 1.35 – 1.16 (1 H, m, CH(CH3)2), 1.08 (3 H, d, J 6.3, CH(CH3)2), 0.98 (3 H, d, J 6.3, 
CH(CH3)2). 
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δ H (400 MHz, CDCl3) 7.46 – 7.40 (2 H, m, Ph), 7.30 – 7.22 (2 H, m, Ph), 6.92 – 6.85 (2 H, m, Ph), 
6.85 – 6.76 (2 H, m, Ph), 4.51 (1 H, dd, J 7.7, 4.3, NCHO), 4.38 (1 H, dd, J 8.2, 5.6, NCHC), 3.82 (3 
H, s, OCH3), 3.77 (3 H, s, OCH3), 2.93 – 2.80 (2 H, m, NCH2), 2.02 – 1.80 (3 H, m, CH2 and 
CHCH2CH), 1.79 – 1.67 (2 H, m, CH2), 1.65 – 1.54 (1 H, m, CH2), 1.41 – 1.26 (1 H, m, CH(CH3)2), 
1.05 (3 H, d, J 6.6, CH(CH3)2), 0.97 (3 H, d, J 6.6, CH(CH3)2). 
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 Computational Methods 5.5
All calculations were performed with Gaussian 09, Revision C.01208 All transition states were 
optimised and characterised by frequency analysis using the stated functional and basis set. 
Unique imaginary frequencies for the transition states were checked carefully to ensure they 
pertained to the desired reaction coordinate. Selected transition states were verified via 
intrinsic reaction coordinate calculations. Solvation calculations for reactants and transition 
states were found using the conductor-like polarizable continuum model (SCRF-CPCM) with a 
number of solvents for optimisation, frequency, and single-point energy calculations.  
Absolute activation barriers, ΔE‡ and ΔH298
‡, were obtained as the energy difference between 
isolated and geometry minimised reactants and the corresponding transition states. ΔΔE‡ and 
ΔΔH298
‡ refer to the relative activation barriers between transition states. ΔE values refer to 
relative single-point energies between geometry optimised structures and E values refer to 
absolute single-point energies of geometry optimised structures. Product ees were calculated 
using relative rate theory, for which single-point energies were employed. The output files for 
all computational calculations conducted can be found at the unique DOIs assigned in 
Appendices B and C below. 
Measurements of bond angles, bond lengths, and distortion of enamine nitrogen’s were carried 
out using ChemBio3D Ultra 12.0.209 Where possible, structures were rendered using CYLView 
1.0b.210 NCI surfaces were created using the freely available Jmol script on the internet.211  
 The Amsterdam Manifesto and Citable Open Data 5.5.1
Data citation and the ideals of the open data movement make for interesting discourse in the 
context of modern scientific research. The Amsterdam Manifesto is a recently published 
document, the purpose of which is to create a consensus on the issues surrounding data citation 
and produce a set of best practice guidelines for implementation to all scientific publication.212  
In the spirit of the manifesto, all computational data in this thesis have been deposited in a 
public repository, in this case Figshare,213 as individual citable items each with a uniquely 
assigned DOI. In addition, an interactive Figure and Table have been produced, and are hosted 
on Figshare, as examples of the possibilities of this format of data sharing to move beyond the 
limitations of the static PDF format currently imposed for submission of work of this type. 
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Appendix A Proline-mediated Conjugate Addition Reaction 
HPLC Calibration and IR Validation 
Benzonitrile was employed as a UV active internal standard with which to measure the 
conversion of the proline-mediated conjugate addition reaction via HPLC. A calibration curve 
was produced by comparing the areas of peaks of known concentrations of the internal 
standard versus known concentrations of product using Equation A - 1, where F is the response 
factor. Calibration was performed over a range of concentrations of both the internal standard 
and product, Figure A - 1, returning a highly confident R2 value of 0.9956. 
Equation A - 1: Relationship between concentration and peak area of internal standard and reaction product used 
to determine a response factor, F 
      
[  ]
  
      
[  ]
 
 
 
 
Figure A - 1: HPLC calibration curve of internal standard vs. product 
Increasing product concentration was monitored via HPLC and compared to appearance of the 
product peak via IR, Figure A - 2, leading to good agreement between the two techniques. 
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  Conditions 
[β-nitrostyrene] 0.5 
[Butanal] 0.5 
[Proline] 0.1 
[Benzonitrile] 0.05 
[Excess] 0 
 
Figure A - 2: Comparison of conversion data determined by IR (red line) and HPLC (blue points) 
Sample FTIR Spectra of Reaction Profile 
Outputs from the Mettler-Toledo iCIR 4.2 software are given in Figure A - 3 and Figure A - 4. 
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Figure A - 3: Waterfall plot showing product peak appearing at 1556 cm
-1
 used to monitor the reaction progress and 
an additional starting material peak at 1334 cm
-1
 disappearing 
 
 
Figure A - 4: Overlaid IR spectra of reaction; blue corresponds to spectra prior to initiation of reaction, green 
corresponds to completion of reaction 
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Kinetic Studies Rate Data 
The proline-mediated conjugate addition reaction same excess experiment rate Vs. [styrene] 
plot is shown in Figure A - 5. 
 
 
 
  SE1 SE2 
[β-nitrostyrene] 0.2 0.1 
[Butanal] 0.4 0.3 
[Proline] 0.01 0.01 
[Excess] 0.2 0.2 
 
Figure A - 5: Same excess rate Vs. [styrene] plot for the proline-mediated conjugate addition reaction between β-
nitrostyrene and butanal 
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Appendix B Bicyclic Proline Analogues 
Proline and 3,5-Ethanoproline-mediated HPESW Reaction: 
Computational Results 
Table A - 1 and Table A - 2 respectively show the computed activation barriers for the proline 
and 3,5-ethanoproline, 51, mediated HPESW reaction. 
 
Table A - 1: Computed activation barriers for the proline-mediated HPESW reaction. E
‡
 values refer to absolute 
energies at the B3LYP/6-311G+(2df,p)//B3LYP/6-31G(d) level; values in brackets refer to ΔH298
‡
values. The CPCM 
solvation model with DMSO as solvent was employed 
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Table A - 2: Computed activation barriers for the 3,5-ethanoproline, 51, mediated HPESW reaction. ΔE
‡
 values refer 
to absolute energies at the B3LYP/6-311G+(2df,p)//B3LYP/6-31G(d) level, values in brackets refer to ΔH298
‡
values. 
The CPCM solvation model with DMSO as solvent was employed 
 
Anti E‡ 
(kcal mol-1) 
DOI 
Syn E‡ 
(kcal mol-1) 
DOI 
Triketone E‡ 
(kcal mol-1) 
DOI 
ee 
(%) 
Gas Phase 
-638556.67 
(-625587.62) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
5
3
0
2
 
-638555.72 
(-625585.82) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
5
3
0
3
 
-638569.82 
(-625596.06) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
5
3
0
4
 
66 
DMSO 
-638571.06 
(-625599.83) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
5
3
0
9
 
-638570.75 
(-625598.66) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
5
3
1
0
 
-638581.60 
(-625606.44) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
5
312
 
25 
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Investigation of Functional and Basis Set 
Table A - 3 and Table A - 4 respectively show the energies for the anti and syn conformers, and triketone of the proline and 3,5-ethanoproline, 51,  HPESW 
transition states and optimised geometries. 
Table A - 3: Comparison of computational methods for the HPESW reaction-mediated by proline and 3,5-ethanoproline, 51. E
‡
 values refer to absolute energies at the appropriate 
functional and the more flexible 6-311+G(2df,p) basis set. The CPCM solvation model with DMSO as solvent was employed 
Functional Basis Set Solvent 
Proline 
Anti E‡ 
(kcal mol-1) 
DOI 
Syn E‡ 
(kcal mol-1) 
DOI 
Triketone E‡ 
(kcal mol-1) 
DOI ee (%) 
Experimental - - - - - - 95 
B3LYP 6-31G(d) N 
-589970.05 
(-577988.24) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
65
267
 
-589967.51 
(-577984.83) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
65
268
 
-589981.94 
(-577995.46) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
65
269
 
97 
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Y 
-589984.64 
(-578000.48) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
3
2
9
6
 
-589982.97 
(-577997.91) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
3
3
0
3
 
-589993.84 
(-578005.79) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
3
3
0
9
 
88 
6-311G(d,p) 
N 
-589970.61 
(-570245.41) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4/
m
9
.figsh
are.7
6
5
2
6
0
 
-589968.04 
(-570242.32) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4/
m
9
.figsh
are.7
6
5
2
6
5
 
-589982.37 
(-570254.22) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4/
m
9
.figsh
are.7
6
5
2
6
6
 
97 
Y 
-589985.18 
(-570258.12) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
08
4
/
m
9
.figsh
are.7
65
27
0
 
-589983.43 
(-570255.85) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
08
4
/
m
9
.figsh
are.7
65
27
1
 
-589994.24 
(-570264.87) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
08
4
/
m
9
.figsh
are.7
65
27
2
 
89 
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ωB97XD 
6-31G(d) 
N 
-589810.40 
(-589379.91) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
5
2
7
6
 
-589806.93 
(-589374.97) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
5
2
7
7
 
-589814.13 
(-589382.35) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
5
2
7
8
 
100 
Y 
-589796.74 
(-589392.41) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4/
m
9
.figsh
are.7
6
5
2
7
9
 
-589792.21 
(-589388.37) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4/
m
9
.figsh
are.7
6
5
2
8
0
 
-589802.23 
(-589393.32) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4/
m
9
.figsh
are.7
6
5
2
8
1
 
99 
6-311G(d,p) N 
-589797.18 
(-589531.85) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
08
4
/
m
9
.figsh
are.7
65
27
3
 
-589792.66 
(-589526.95) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
08
4
/
m
9
.figsh
are.7
65
27
4
 
-589802.59 
(-589535.47) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
08
4
/
m
9
.figsh
are.7
65
27
5
 
100 
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Y 
-589810.85 
(-589544.51) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
5
2
8
2
 
-589807.35 
(-589540.79) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
5
2
8
3
 
-589814.47 
(-589546.76) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
5
2
8
4
 
99 
M062X 6-31G(d) 
N 
-589736.56 
(-589303.22) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4/
m
9
.figsh
are.7
6
5
2
8
8
 
-589732.02 
(-589298.14) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4/
m
9
.figsh
are.7
6
5
2
8
9
 
-589741.47 
(-589304.59) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4/
m
9
.figsh
are.7
6
5
2
9
0
 
100 
Y 
-589750.19 
(-589315.61) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
08
4
/
m
9
.figsh
are.7
65
29
4
 
-589746.69 
(-589311.50) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
08
4
/
m
9
.figsh
are.7
65
29
5
 
-589753.07 
(-589315.26) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
08
4
/
m
9
.figsh
are.7
65
29
6
 
99 
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6-311G(d,p) 
N 
-589736.14 
(-589471.03) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
5
2
8
5
 
-589731.61 
(-589466.12) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
5
2
8
6
 
-589741.18 
(-589473.36) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
5
2
8
7
 
100 
Y 
-589749.74 
(-589484.17) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4/
m
9
.figsh
are.7
6
5
2
9
1
 
-589746.29 
(-589480.24) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4/
m
9
.figsh
are.7
6
5
2
9
2
 
-589752.77 
(-589484.63) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4/
m
9
.figsh
are.7
6
5
2
9
3
 
99 
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 Table A - 4: Comparison of computational methods for the HPESW reaction-mediated by 3,5-ethanoproline, 51, E
‡
 values refer to absolute energies at the Appropriate functional and the 
more flexible 6-311+G(2df,p) basis set. The CPCM solvation model with DMSO as solvent was employed 
Functional Basis Set Solvent 
3,5-Ethanoproline 
Anti E‡ 
(kcal mol-1) 
DOI 
Syn E‡ 
(kcal mol-1) 
DOI 
Triketone E‡ 
(kcal mol-1) 
DOI 
ee 
(%) 
Experimental - - - - - - 0 
B3LYP 6-31G(d) 
N 
-638556.67 
(-625587.62) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4/
m
9
.figsh
are.7
6
5
3
0
2
 
-638555.72 
(-625585.82) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4/
m
9
.figsh
are.7
6
5
3
0
3
 
-638569.82 
(-625596.06) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4/
m
9
.figsh
are.7
6
5
3
0
4
 
66 
Y 
-638571.06 
(-625599.83) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
08
4/
m
9
.figsh
are.7
65
30
9
 
-638570.75 
(-625598.66) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
08
4/
m
9
.figsh
are.7
65
31
0
 
-638581.60 
(-625606.44) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
08
4/
m
9
.figsh
are.7
65
31
2
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6-311G(d,p) 
N 
-638557.22 
(-617204.62) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
5
3
0
5
 
-638556.20 
(-617203.18) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
5
3
0
6
 
-638570.23 
(-617214.83) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
5
3
0
7
 
69 
Y 
-638571.65 
(-617217.35) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
08
4/
m
9
.figsh
are.7
6
5
3
1
2
 
-638571.21 
(-617216.49) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
08
4/
m
9
.figsh
are.7
6
5
3
1
3
 
-638581.60 
(-617225.53) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
08
4/
m
9
.figsh
are.7
6
5
3
1
5
 
35 
ωB97XD 6-31G(d) N 
-638372.92 
(-637920.85) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/m
9
.figsh
are.765
37
3
 
-638370.43 
(-637917.93) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/m
9
.figsh
are.765
37
4
 
-638379.89 
(-637924.59) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/m
9
.figsh
are.765
37
5
 
97 
  
 
B
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4
 
Y 
-638386.45 
(-637933.40) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
5
3
7
9
 
-638384.83 
(-637931.07) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
5
3
8
1
 
-638392.08 
(-637935.58) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
5
3
8
2
 
88 
6-311G(d,p) 
N 
-638373.38 
(-638083.02) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4/
m
9
.figsh
are.7
6
5
3
6
8
 
-638370.86 
(-638079.96) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4/
m
9
.figsh
are.7
6
5
3
7
0
 
-638380.22 
(-638087.99) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4/
m
9
.figsh
are.7
6
5
3
7
2
 
97 
Y 
-638386.94 
(-638095.74) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4/
m
9
.figsh
are.7
65
37
6
 
-638385.25 
(-638093.75) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4/
m
9
.figsh
are.7
65
37
7
 
-638392.08 
(-638099.35) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4/
m
9
.figsh
are.7
65
37
8
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M062X 
6-31G(d) 
N 
-638306.65 
(-637837.42) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
5
4
0
4
 
-638304.11 
(-637834.12) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
5
4
0
5
 
-638311.85 
(-637839.49) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
5
4
0
6
 
97 
Y 
-638320.01 
(-637849.65) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4/
m
9
.figsh
are.7
6
5
4
1
1
 
-638318.52 
(-637847.32) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4/
m
9
.figsh
are.7
6
5
4
1
2
 
-638323.31 
(-637849.95) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4/
m
9
.figsh
are.7
6
5
4
1
3
 
85 
6-311G(d,p) N 
-638307.09 
(-638016.57) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4/
m
9
.figsh
are.7
65
38
3
 
-638304.50 
(-638013.66) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4/
m
9
.figsh
are.7
65
38
4
 
-638312.07 
(-638020.00) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4/
m
9
.figsh
are.7
6
5
40
3
 
97 
  
 
B
-1
6
 
Y 
-638320.47 
(-638029.63) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
5
4
0
7
 
-638318.90 
(-638027.63) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
5
4
0
8
 
-638324.73 
(-638031.52) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
6
5
4
0
9
 
87 
 
 
 
 
 
 
 
 
  
 
B
-1
7 
Table A - 5 shows the energies for the anti and syn conformers of the 3,5-ethanoproline, 51,  HPESW transition states for systems in which the optimisation 
and single-point energy calculations have been conducted using differing functionals. 
 
Table A - 5: Comparison of the abilities of optimisation and single-point energy calculations for each functional studied. E
‡
 values refer to absolute energies, geometry optimisations were 
performed with the 6-31G(d) basis set and single-point energy calculations at the 6-311+G(2df,p) basis set. All calculation included solvent using the CPCM solvation model with DMSO 
  
Single-point Energy Functional 
  
B3LYP ωB97XD M062X 
  
Anti E‡ 
(kcal mol-1) 
DOI 
Syn E‡ 
(kcal mol-1) 
DOI 
Anti ΔE‡ 
(kcal mol-1) 
DOI 
Syn E‡ 
(kcal mol-1) 
DOI 
Anti ΔE‡ 
(kcal mol-1) 
DOI 
Syn E‡ 
(kcal mol-1) 
DOI 
Optimisation 
Functional 
B3LYP 
-638571.06 
(-625599.83) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
65
309
 
-638570.75 
(-625598.66) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
65
310
 
-638385.88 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
65
424
 
-638384.15 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
65
426
 
-638318.88 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
65
427
 
-638317.43 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/
m
9
.figsh
are.7
65
428
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ωB97XD -638571.03 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/m
9
.figsh
are.7
6
5
4
2
9
 
-638570.70 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/m
9
.figsh
are.7
6
5
4
3
0
 
-638386.45 
(-637933.40) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/m
9
.figsh
are.7
6
5
3
7
9
 
-638384.83 
(-637931.07) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/m
9
.figsh
are.7
6
5
3
8
1
 
-638320.22 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/m
9
.figsh
are.7
6
5
4
3
1
 
-638318.76 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/m
9
.figsh
are.7
6
5
4
3
2
 
M062X -638570.35 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/m
9
.figsh
are.76
5
4
3
3
 
-638570.06 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/m
9
.figsh
are.76
5
4
3
4
 
-638386.72 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/m
9
.figsh
are.76
5
4
3
5
 
-638385.07 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/m
9
.figsh
are.76
5
4
3
6
 
-638320.01 
(-637849.65) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/m
9
.figsh
are.76
5
4
1
1
 
-638318.52 
(-637847.32) 
h
ttp
://d
x.d
o
i.o
rg/1
0
.6
0
8
4
/m
9
.figsh
are.76
5
4
1
2
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Appendix C The Diphenylprolinol Silyl Ether-mediated α-
Selenation Reaction 
Starting Material Enamine Computational Results 
Initial guesses were made for C4-exo and C4-endo conformations for each enamine rotamer 
with the exocyclic CPh2OTMS group in the Sc-Exo orientation. The optimised geometries for 
each of these compounds were taken and the exocyclic CPh2OTMS group rotated into either the 
Sc-Endo or Ap orientations, and the structure resubmitted for optimisation. Despite numerous 
attempts to find C4-endo or C4-exo conformations of the syn enamines, optimisations 
continually returned either half chair conformations or the closely related C2-endo or C3-exo 
conformations. Table A - 6 contains the results of the geometry optimisation of each 
permutation of structural differences for the starting material enamine. Table A - 7 summarises 
the lowest energy conformation for each enamine isomer from Table A - 6 and Table A - 8 
contains these structures minimised with inclusion of solvent via the CPCM method. 
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 Table A - 6: Results of conformational analysis of the starting material enamine. E values refer to absolute energies, ΔE values refer to relative energies; both are calculated with the 
M062X/6-311+G(2df,p)//B3LYP/6-31G(d,p) method. 
Enamine 
Rotamer 
Exocyclic 
Rotamer 
Pyrrolidine 
Conformer 
Dipole 
(Debye) 
E 
(kcal mol-1) 
ΔE  
(kcal mol-1) 
ΔE 
(kcal mol-1) 
DOI 
A/Z 
Sc-Exo C4-exo 2.37 -857231.26 0.00 0.00 http://dx.doi.org/10.6084/m9.figshare.766202 
Sc-Endo C4-exo 0.95 -857229.22 2.04 2.04 http://dx.doi.org/10.6084/m9.figshare.766203 
Ap C4-exo 0.78 -857230.96 0.31 0.31 http://dx.doi.org/10.6084/m9.figshare.766204 
Sc-Exo C4-endo 2.55 -857230.60 0.16 0.66 http://dx.doi.org/10.6084/m9.figshare.766205 
Sc-Endo C3-exo 1.29 -857229.14 1.62 2.12 http://dx.doi.org/10.6084/m9.figshare.766206 
Ap C4-endo 1.15 -857230.76 0.00 0.50 http://dx.doi.org/10.6084/m9.figshare.766207 
A/E 
Sc-Exo C4-exo 2.59 -857232.85 0.00 1.83 http://dx.doi.org/10.6084/m9.figshare.766212 
Sc-Endo C4-exo-HC 1.26 -857230.44 2.41 4.24 http://dx.doi.org/10.6084/m9.figshare.766213 
Ap C4-exo 1.16 -857232.64 0.22 2.05 http://dx.doi.org/10.6084/m9.figshare.766214 
Sc-Exo C4-endo 2.56 -857234.42 0.26 0.26 http://dx.doi.org/10.6084/m9.figshare.766215 
Sc-Endo C4-endo 2.33 -857232.98 1.71 1.71 http://dx.doi.org/10.6084/m9.figshare.766216 
Ap C4-endo 1.27 -857234.69 0.00 0.00 http://dx.doi.org/10.6084/m9.figshare.766217 
S/Z 
Sc-Exo C4-exo-HC 2.17 -857227.42 1.13 1.13 http://dx.doi.org/10.6084/m9.figshare.766218 
Sc-Endo C4-exo-HC 0.94 -857228.55 0.00 0.00 http://dx.doi.org/10.6084/m9.figshare.766219 
Ap C5-endo-HC 0.58 -857226.64 1.91 1.91 http://dx.doi.org/10.6084/m9.figshare.766220 
Sc-Exo C4-endo-HC 2.06 -857228.31 0.22 0.24 http://dx.doi.org/10.6084/m9.figshare.766221 
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Sc-Endo C2-endo-HC 1.12 -857228.53 0.00 0.02 http://dx.doi.org/10.6084/m9.figshare.766222 
Ap C2-endo-HC 0.76 -857227.15 1.38 1.40 http://dx.doi.org/10.6084/m9.figshare.766223 
S/E 
Sc-Exo C4-exo-HC 2.06 -857231.19 0.00 0.19 http://dx.doi.org/10.6084/m9.figshare.766224 
Sc-Endo C4-exo-HC 0.71 -857231.06 0.13 0.32 http://dx.doi.org/10.6084/m9.figshare.766225 
Ap C4-exo-HC 0.75 -857230.43 0.75 0.95 http://dx.doi.org/10.6084/m9.figshare.766226 
Sc-Exo C4-endo-HC 2.04 -857231.18 0.20 0.20 http://dx.doi.org/10.6084/m9.figshare.766228 
Sc-Endo C4-endo-HC 0.75 -857231.38 0.00 0.00 http://dx.doi.org/10.6084/m9.figshare.766231 
Ap C2-endo-HC 0.59 -857230.06 1.32 1.32 http://dx.doi.org/10.6084/m9.figshare.766232 
 
Table A - 7: Lowest energy gas phase structures, where E values refer to absolute energies, ΔE refers to relative energies calculated with the M062X/6-311+G(2df,p)//B3LYP/6-31G(d,p) 
method for each starting material enamine alkene isomer and C-N rotamer 
Enamine 
Rotamer 
Exocyclic 
Rotamer 
Pyrrolidine 
Conformer 
Dipole 
(Debye) 
E 
(kcal mol-1) 
ΔE 
(kcal mol-1) 
DOI 
Anti Z sc-exo C4-exo 2.37 -857231.26 3.43 http://dx.doi.org/10.6084/m9.figshare.766202 
Anti E ap C4-endo 1.27 -857234.69 0.00 http://dx.doi.org/10.6084/m9.figshare.766215 
Syn Z Sc-Endo C4-exo-HC 0.94 -857228.55 6.14 http://dx.doi.org/10.6084/m9.figshare.766222 
Syn E Sc-Endo C4-endo-HC 0.75 -857231.38 3.31 http://dx.doi.org/10.6084/m9.figshare.766231 
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 Table A - 8: Lowest energy structures, where E values refer to absolute energies, ΔE refers to relative energies calculated with the CPCM/M062X/6-311+G(2df,p)//B3LYP/6-31G(d,p) 
method for each alkene isomer and C-N rotamer of starting material enamine with the inclusion of dichloromethane and toluene  
Solvent 
Enamine 
Rotamer 
Exocyclic 
Rotamer 
Pyrrolidine 
Conformer 
Dipole  
(Debye) 
E 
(kcal mol-1) 
ΔE 
(kcal mol-1) 
DOI 
Gas 
Phase 
Anti Z sc-exo C4-exo 2.37 -857231.26 3.43 http://dx.doi.org/10.6084/m9.figshare.766202 
Anti E ap C4-endo 1.27 -857234.69 0.00 http://dx.doi.org/10.6084/m9.figshare.766215 
Syn Z Sc-Endo C4-exo-HC 0.94 -857228.55 6.14 http://dx.doi.org/10.6084/m9.figshare.766222 
Syn E Sc-Endo C4-endo-HC 0.75 -857231.38 3.31 http://dx.doi.org/10.6084/m9.figshare.766231 
CH2Cl2 
Anti Z sc-exo C4-exo 3.09 -874194.45 3.21 http://dx.doi.org/10.6084/m9.figshare.766240 
Anti E ap C4-endo-HC 1.58 -874197.65 0.00 http://dx.doi.org/10.6084/m9.figshare.766241 
Syn Z Sc-Endo C4-exo-HC 1.39 -874191.51 6.14 http://dx.doi.org/10.6084/m9.figshare.766242 
Syn E Sc-Endo C3-endo 1.16 -874194.43 3.22 http://dx.doi.org/10.6084/m9.figshare.766243 
Toluene 
Anti Z sc-exo C4-exo 2.78 -874192.97 3.34 http://dx.doi.org/10.6084/m9.figshare.766244 
Anti E ap C4-endo-HC 1.44 -874196.31 0.00 http://dx.doi.org/10.6084/m9.figshare.766245 
Syn Z Sc-Endo C4-exo-HC 1.19 -874190.12 6.19 http://dx.doi.org/10.6084/m9.figshare.766246 
Syn E Sc-Endo C3-endo 0.97 -874192.99 3.31 http://dx.doi.org/10.6084/m9.figshare.766247 
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Product Selenoenamine 
Geometry optimisations were conducted in a similar manner to those of the starting material 
enamine. As initial inputs, the Sc-Exo C4-endo and C4-exo optimised starting material enamine 
structures were taken, a SePh group added in the exo and endo orientations, and the structures 
submitted for geometry optimisation. The optimised geometries of these calculations were then 
taken, the exocyclic CPh2OTMS group rotated to the Sc-Endo and Ap orientations and then 
resubmitted for geometry optimisation. Again, difficulties were encountered in finding C4-exo 
and C4-endo conformations for the syn enamine rotamers. Table A - 9, Table A - 10, and Table A 
- 11 contain the results of the geometry optimisation of each permutation of structural 
differences for the Sc-Exo, Ap and Sc-Endo orientations respectively. 
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4 Table A - 9: C4-exo and C4-endo with exo exo and endo SePh group for Sc-Exo exocyclic group rotamer. E values refer to absolute energies, ΔE values refer to relative energies; both are 
calculated with the M062X/6-311+G(2df,p)//B3LYP/6-31G(d,p) method. 
Exocyclic 
Rotamer 
Enamine 
Rotamer 
Pyrrolidine 
Conformer 
SePh 
Rotamer 
Dipole 
(Debye) 
E 
(kcal mol-1) 
ΔE 
(kcal mol-1) 
DOI 
Sc-Exo 
Anti E 
C4-exo Endo 4.47 -2477150.56 0.61 http://dx.doi.org/10.6084/m9.figshare.766249 
C4-exo Exo 4.42 -2477151.17 0.00 http://dx.doi.org/10.6084/m9.figshare.766250 
C4-endo Endo 4.56 -2477150.04 1.13 http://dx.doi.org/10.6084/m9.figshare.766251 
C4-endo-HC Exo 4.58 -2477150.12 1.05 http://dx.doi.org/10.6084/m9.figshare.766252 
Anti Z 
C4-exo Endo 3.95 -2477150.33 1.66 http://dx.doi.org/10.6084/m9.figshare.766253 
C4-exo Exo 4.00 -2477151.25 0.74 http://dx.doi.org/10.6084/m9.figshare.766254 
C4-endo Endo 4.10 -2477151.99 0.00 http://dx.doi.org/10.6084/m9.figshare.766255 
C4-endo -HC Exo 4.21 -2477151.02 0.97 http://dx.doi.org/10.6084/m9.figshare.766256 
Syn E 
C5-endo Endo 4.55 -2477146.16 0.19 http://dx.doi.org/10.6084/m9.figshare.766257 
C5-endo Exo 4.63 -2477145.53 0.81 http://dx.doi.org/10.6084/m9.figshare.766258 
C4-exo Endo 4.55 -2477146.15 0.20 http://dx.doi.org/10.6084/m9.figshare.766259 
C4-endo -HC Exo 4.15 -2477146.35 0.00 http://dx.doi.org/10.6084/m9.figshare.766260 
Syn Z 
C5-endo Endo 1.72 -2477144.69 3.16 http://dx.doi.org/10.6084/m9.figshare.766261 
C5-endo Exo 2.92 -2477147.85 0.00 http://dx.doi.org/10.6084/m9.figshare.766262 
C4-endo -HC Endo 1.44 -2477145.60 2.25 http://dx.doi.org/10.6084/m9.figshare.766263 
C5-endo -HC Exo 2.92 -2477147.85 0.00 http://dx.doi.org/10.6084/m9.figshare.766267 
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Table A - 10: C4-exo and C4-endo with exo exo and endo SePh group for Ap exocyclic group rotamer. E
 
values refer to absolute energies, ΔE values refer to relative energies; both are 
calculated with the M062X/6-311+G(2df,p)//B3LYP/6-31G(d,p) method. 
Exocyclic 
Rotamer 
Enamine 
Rotamer 
Pyrrolidine 
Conformer 
SePh 
Rotamer 
Dipole 
(Debye) 
E 
(kcal mol-1) 
ΔE 
(kcal mol-1) 
DOI 
Ap 
Anti E 
C4-exo Endo 2.76 -2477151.16 0.00 http://dx.doi.org/10.6084/m9.figshare.766268 
C4-exo Exo 2.62 -2477150.25 0.91 http://dx.doi.org/10.6084/m9.figshare.766269 
C4-endo-HC Endo 3.16 -2477150.97 0.19 http://dx.doi.org/10.6084/m9.figshare.766270 
C4-endo-HC Exo 3.00 -2477149.81 1.35 http://dx.doi.org/10.6084/m9.figshare.766271 
Anti Z 
C4-exo Endo 2.50 -2477151.14 1.46 http://dx.doi.org/10.6084/m9.figshare.766272 
C4-exo Exo 2.53 -2477151.05 1.55 http://dx.doi.org/10.6084/m9.figshare.766273 
C4-endo-HC Endo 2.80 -2477152.60 0.00 http://dx.doi.org/10.6084/m9.figshare.766274 
C3-exo Exo 2.86 -2477151.21 1.39 http://dx.doi.org/10.6084/m9.figshare.766275 
Syn E 
C5-endo Endo 2.33 -2477144.32 1.15 http://dx.doi.org/10.6084/m9.figshare.766276 
C5-endo Exo 2.62 -2477143.17 2.31 http://dx.doi.org/10.6084/m9.figshare.766277 
C2-endo Endo 2.41 -2477145.47 0.00 http://dx.doi.org/10.6084/m9.figshare.766278 
C2-endo Exo 2.75 -2477144.59 0.88 http://dx.doi.org/10.6084/m9.figshare.766279 
Syn Z 
C1-endo Endo 1.81 -2477143.82 4.99 http://dx.doi.org/10.6084/m9.figshare.766280 
C5-endo-HC Exo 1.66 -2477144.67 4.14 http://dx.doi.org/10.6084/m9.figshare.766281 
N/A N/A N/A N/A N/A N/A 
C3-exo Exo 1.37 -2477148.81 0.00 http://dx.doi.org/10.6084/m9.figshare.766282 
 
  
 
C
-2
6 Table A - 11: C4-exo and C4-endo with exo and endo SePh group for Sc-Endo exocyclic group rotamer. E values refer to absolute energies, ΔE values refer to relative energies; both are 
calculated with the M062X/6-311+G(2df,p)//B3LYP/6-31G(d,p) method. 
Exocyclic 
Rotamer 
Enamine 
Rotamer 
Pyrrolidine 
Conformer 
SePh 
Rotamer 
Dipole 
(Debye) 
E 
(kcal mol-1) 
ΔE 
(kcal mol-1) 
DOI 
Sc-Endo 
Anti E 
C4-exo Endo 2.95 -2477148.71 0.24 http://dx.doi.org/10.6084/m9.figshare.766285 
C4-exo Exo 2.94 -2477148.66 0.29 http://dx.doi.org/10.6084/m9.figshare.766286 
C3-exo Endo 3.39 -2477148.96 0.00 http://dx.doi.org/10.6084/m9.figshare.766287 
C3-exo Exo 3.32 -2477148.27 0.68 http://dx.doi.org/10.6084/m9.figshare.766288 
Anti Z 
C4-exo-HC Endo 3.14 -2477146.45 3.78 http://dx.doi.org/10.6084/m9.figshare.766289 
C4-exo-HC Exo 2.68 -2477148.98 1.26 http://dx.doi.org/10.6084/m9.figshare.766290 
C4-endo Endo 4.27 -2477150.24 0.00 http://dx.doi.org/10.6084/m9.figshare.766291 
C5-exo Exo 4.02 -2477149.63 0.60 http://dx.doi.org/10.6084/m9.figshare.766292 
Syn E 
C5-endo Endo 3.40 -2477147.34 0.43 http://dx.doi.org/10.6084/m9.figshare.766293 
C5-endo Exo 3.46 -2477146.87 0.91 http://dx.doi.org/10.6084/m9.figshare.766294 
C2-endo Endo 3.62 -2477147.78 0.00 http://dx.doi.org/10.6084/m9.figshare.766295 
C2-endo Exo 3.63 -2477147.28 0.50 http://dx.doi.org/10.6084/m9.figshare.766296 
Syn Z 
C2-endo Endo 2.04 -2477145.64 2.78 http://dx.doi.org/10.6084/m9.figshare.766297 
C5-endo Exo 1.83 -2477148.03 0.40 http://dx.doi.org/10.6084/m9.figshare.766298 
C2-endo Endo 2.04 -2477145.65 2.78 http://dx.doi.org/10.6084/m9.figshare.766299 
C2-endo Exo 1.87 -2477148.43 0.00 http://dx.doi.org/10.6084/m9.figshare.766300 
The lowest energy structure for each exocyclic group rotamer grouped by enamine rotamer is shown in Table A - 12. 
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Table A - 12: Lowest energy for each exocyclic group rotamer grouped by enamine rotamer. E
 
values refer to absolute energies, ΔE values refer to relative energies; both are calculated 
with the M062X/6-311+G(2df,p)//B3LYP/6-31G(d,p) method. 
Enamine 
Rotamer 
Exocyclic 
Rotamer 
Pyrrolidine 
Conformer 
SePh 
Rotamer 
Dipole 
(Debye) 
E 
(kcal mol-1) 
ΔE 
(kcal mol-1) 
DOI 
Anti E 
Sc-Exo C4-exo Exo 4.42 -2477151.17 0.00 http://dx.doi.org/10.6084/m9.figshare.766250 
Sc-Endo C3-exo Endo 3.39 -2477148.96 2.22 http://dx.doi.org/10.6084/m9.figshare.766287 
Ap C4-exo Endo 2.76 -2477151.16 0.01 http://dx.doi.org/10.6084/m9.figshare.766268 
Anti Z 
Sc-Exo C4-endo Endo 4.10 -2477151.99 0.61 http://dx.doi.org/10.6084/m9.figshare.766255 
Sc-Endo C4-endo Endo 4.27 -2477150.24 2.37 http://dx.doi.org/10.6084/m9.figshare.766291 
Ap C4-endo-HC Endo 2.80 -2477152.60 0.00 http://dx.doi.org/10.6084/m9.figshare.766274 
Syn E 
Sc-Exo C4-endo-HC Exo 4.15 -2477146.35 1.43 http://dx.doi.org/10.6084/m9.figshare.766260 
Sc-Endo C2-endo Endo 3.62 -2477147.78 0.00 http://dx.doi.org/10.6084/m9.figshare.766295 
Ap C2-endo Endo 2.41 -2477145.47 2.31 http://dx.doi.org/10.6084/m9.figshare.766278 
Syn Z 
Sc-Exo C4-endo-HC Exo 2.92 -2477147.85 0.58 http://dx.doi.org/10.6084/m9.figshare.766262 
Sc-Endo C2-endo Exo 1.87 -2477148.43 0.00 http://dx.doi.org/10.6084/m9.figshare.766300 
Ap N/A N/A N/A N/A N/A N/A 
 
Table A - 13 summarises the lowest energy conformation for each enamine isomer. 
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8 Table A - 13: Lowest energy gas phase structures calculated with the M062X/6-311+G(2df,p)//B3LYP/6-31G(d,p) method for each product selenoenamine alkene isomer and C-N rotamer 
Enamine 
Rotamer 
Exocyclic 
Rotamer 
Pyrrolidine 
Conformer 
SePh 
Rotamer 
Dipole 
(Debye) 
ΔE 
(kcal mol-1) 
DOI 
Anti E Sc-exo C4-exo Exo 4.42 1.43 http://dx.doi.org/10.6084/m9.figshare.766250 
Anti Z Ap C4-endo-HC Endo 2.80 0.00 http://dx.doi.org/10.6084/m9.figshare.766274 
Syn E Sc-endo C2-endo Endo 3.62 4.82 http://dx.doi.org/10.6084/m9.figshare.766295 
Syn Z Sc-endo C2-endo Exo 1.87 4.17 http://dx.doi.org/10.6084/m9.figshare.766300 
 
Table A - 13 summarises the lowest energy conformation for each enamine isomer minimised with the inclusion of various solvents using the CPCM 
method. 
Table A - 14: Lowest energy structures, where ΔE refers to relative energies calculated with the CPCM/M062X/6-311+G(2df,p)//B3LYP/6-31G(d,p) method for each product alkene isomer 
and C-N rotamer with the inclusion of multiple solvents 
Solvent 
Enamine 
Rotamer 
Exocyclic 
Rotamer 
Pyrrolidine 
Conformer 
SePh 
Rotamer 
Dipole 
(Debye) 
ΔE 
(kcal mol-1) 
DOI 
Gas Phase 
Anti E Sc-exo C4-exo Exo 4.42 1.43 http://dx.doi.org/10.6084/m9.figshare.766250 
Anti Z Ap C4-endo-HC Endo 2.80 0.00 http://dx.doi.org/10.6084/m9.figshare.766274 
Syn E Sc-endo C2-endo Endo 3.62 4.82 http://dx.doi.org/10.6084/m9.figshare.766295 
Syn Z Sc-endo C2-endo Exo 1.87 4.17 http://dx.doi.org/10.6084/m9.figshare.766300 
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n-Hexane 
Anti E Sc-exo C4-exo Exo 5.09 0.71 http://dx.doi.org/10.6084/m9.figshare.766328 
Anti Z Ap C4-endo-HC Endo 3.29 0.00 http://dx.doi.org/10.6084/m9.figshare.766329 
Syn E Sc-endo C2-endo Endo 4.12 4.26 http://dx.doi.org/10.6084/m9.figshare.766330 
Syn Z Sc-endo C2-endo Exo 2.44 3.92 http://dx.doi.org/10.6084/m9.figshare.766331 
Toluene 
Anti E Sc-exo C4-exo Exo 5.29 0.51 http://dx.doi.org/10.6084/m9.figshare.766320 
Anti Z Ap C4-endo-HC Endo 3.43 0.00 http://dx.doi.org/10.6084/m9.figshare.766321 
Syn E Sc-endo C2-endo Endo 4.26 4.11 http://dx.doi.org/10.6084/m9.figshare.766322 
Syn Z Sc-endo C2-endo Exo 2.62 3.85 http://dx.doi.org/10.6084/m9.figshare.766323 
THF 
Anti E Sc-exo C4-exo Exo 6.20 0.00 http://dx.doi.org/10.6084/m9.figshare.766324 
Anti Z Ap C4-endo-HC Endo 4.04 0.24 http://dx.doi.org/10.6084/m9.figshare.766325 
Syn E Sc-endo C2-endo Endo 4.89 3.81 http://dx.doi.org/10.6084/m9.figshare.766326 
Syn Z Sc-endo C2-endo Exo 3.49 3.72 http://dx.doi.org/10.6084/m9.figshare.766327 
CH2Cl2 
Anti E Sc-exo C4-exo Exo 5.97 0.00 http://dx.doi.org/10.6084/m9.figshare.766316 
Anti Z Ap C4-endo-HC Endo 3.89 0.07 http://dx.doi.org/10.6084/m9.figshare.766317 
Syn E Sc-endo C2-endo Endo 4.74 3.76 http://dx.doi.org/10.6084/m9.figshare.766318 
Syn Z Sc-endo C2-endo Exo 3.27 3.65 http://dx.doi.org/10.6084/m9.figshare.766319 
MeCN 
Anti E Sc-exo C4-exo Exo 5.91 0.00 http://dx.doi.org/10.6084/m9.figshare.766334 
Anti Z Ap C4-endo-HC Endo 3.85 0.03 http://dx.doi.org/10.6084/m9.figshare.766335 
Syn E Sc-endo C2-endo Endo 4.70 3.75 http://dx.doi.org/10.6084/m9.figshare.766336 
Syn Z Sc-endo C2-endo Exo 3.21 3.62 http://dx.doi.org/10.6084/m9.figshare.766337 
 
